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ABSTRACT 


In recent years, energy-storage dc-to-dc converters have been widely 
used in power-conditioning applications. These converters usually employ 
energy-storaoe reactors to store and transfer energy in some controlled 
manner. The design of these reactors is a crucial step in the design of the 
converter as a whole, however, these designs usually are performed 
on a trial -and-error basis with little analytical guidance available. This 
dissertation presents two methodical approaches to the design of energy- 
storage reactors for a group of widely used dc-to-dc converters. 

One of these approaches is based on a steady-state time-domain 
analysis of piecewise-linearized circuit models of the converters, while the 
other approach is based on an analysis of the same circuit models, but from 
an energy point of view. The design procedure developed from the first ap- 
proach includes a search through a stored data file of magnetic core char- 
acteristics and results in a list of usable reactor desians which meet a 
particular converter's requirements. Because of the complexity of this pro- 
cedure, a digital computer usually is used to implement the design algorithm. 
The second approach, based on a study of the storage and transfer of energy 
in the magnetic reactors, leads to a relatively simple and straightforward 
design procedure which can be implemented rather quickly with hand calcu- 
lations. The heart of this procedure is a specially constructed table of 
magnetic core characteristics. This procedure does not provide the designer 


mm 




with as much information as the first approach does, but it does provide an 
easy way to quickly reach a workable design and is particularly useful when 
the design has to be done by hand calculations or with a small calculator. 

In short, both of these approaches have individual merits and can serve as 
complements to each other. 

In addition to the design procedures described above, an equation 
which can be easily used to quickly determine the lower-bound volume of 
workable cores for given converter design specifications, is derived. Using 
this computed lower-bound volume, a comparative evaluation of various con- 
verter configurations is presented. This comparison provides some guidance 
for choosing a particular converter configuration from amono the various con- 
figurations available. It is believed that this analytical guidance in con- 
junction with design procedures presented in this dissertation can signifi- 
cantly reduce the time, and hence the cost, of designing energy-storage re- 
actors in dc-to-dc converters. 
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DESIGN OF ENERGY-STORAGE REACTORS 
FOR DC-TO-DC CONVERTERS 




Chapter I 
INTRODUCTION 

Maanetic-eneroy-storage static dc-to-dc converters have been widely 
used in regulated dc-to-dc power conversion applications. Because of their 
small size, light weight, and high efficiency, they are particularly well- 
suited for aerospace applications. These converters usually can be classi- 
fied in one of four basic categories: (A) single-windino voltage step-up 

converters which are capable of stepping up the input voltage; (B) sinole- 
winding current step-up converters which are capable of steppino up the in- 
put current; (C) single-winding voltage step-up/current step-up converters 
which are capable of stepping up either the input voltage or the input cur- 
rent; and (D) two-winding voltage step-up/current step-up converters. Any 
one of three different types of controllers— constant frequency, constant 
on-time and constant off-time-- can be used to renulate the output voltage 
of these various types of converter. One of the most important elements in 
each of these converter configurations is a magnetic reactor which is used 
for energy storage and transfer. These reactors usually are a major portion 
of the total weight and volume of the converters and consequently minimizing 
the size is often an important consideration in many applications. In the 
past, reactors for dc-to-dc converters usually have been designed on a trial - 
and-error basis where experience and intuition are the primary design tool, 
with little analytical guidance available except for a few particular 
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converter types [1,2]. This dissertation, motivated by Ref. [2], presents 
an analysis-based systematic approach to the design of energy-storage re- 
actors for a group of widely used dc-to-dc converters. 

The purpose of this dissertation is three-fold: 

(1) to establish analytical relationships between various converter para- 
meters which lead to design procedures for the energy-storage reactors 
in dc-to-dc converters. 

(2) to demonstrate the feasibility of computer-aided procedures for de- 
signing reactors in dc-to-dc converters. 

(3) to present a simple and direct method for designing these energy-storage 
reactors, which can be used when the design has to be made by hand 
calculations. 

This dissertation is based on material presented in a series of 
publications [3, 4, 5, 6, and 7] of which the writer is the principal author. 

Chapter II presents the derivation of design equations which lead 
to systematic procedures for designing the energy-storage reactors for nine 
controller-converter combinations. These equations and the subsequent pro- 
cedures are based on a time-domain analysis of each of the converter con- 
figurations. A similar approach is followed in Chapter III to develop pro- 
cedures for designing the reactors for three two-winding controller-con- 
verter combinations. The presence of two windings on the reactors of these 
converters not only makes it possible to achieve input-output conductive 
isolation but it also provides additional flexibility in the reactor design 
which is not available in single-winding converters. By utilizing the 
extra freedom provided by the additional winding, ten converter design or 
performance constraints are presented which enable incorporatino additional 
design objectives into the procedure. 


4 

The desinn procedures presented in Chapters II and III can be imple- 
mented by hand calculations, but because of the complexity of the procedure, 
a digital computer is usually used to implement the desinn algorithm. These 
design procedures include searching through a stored data file of magnetic 
core specifications to yield a list of designs which meet a particular con- 
verter specification. This search process usually begins with the smallest 
available core size and proceeds toward the largest size in the catalog. For 
a niven converter specification, no knowledge of the required size of work- 
able cores is immediately available. Thus, the search process can be very 
time-consuminn when the procedure is followed with hand calculations. 

In Chapter IV, a constraint relationship on the converter core volume 
is established. This constraint relationship is expressed in terms of a 
lower-bound condition on core volume, and is derived from an analysis of 
the various converters from an energy point of view. The lower-bound condi- 
tion enables the designer to quickly screen the population of available re- 
actor cores to determine those cores which are candidates for a particular 
design specification, thereby greatly simplifying the search process. Using 
this lower bound condition and some results obtained in Chapters II and III, 
a new procedure for designing the energy-storage reactors for dc-to-dc con- 
verters is developed in Chapter V. The heart of this procedure is a special 
table of core parameters which are calculated from data provided by magnetic 
core manufacturers. 

By utilizing this special table and the lower-bound condition de- 
veloped in Chapter IV, the core search process is reduced to a methodical 
table search. This procedure does not require repetitive trial designs and 
thus can be carried out rather quickly with hand calculations. 

Conclusions which can be drawn from this work are presented in 






Chapter VI with sucmestions for future research. The derivations of some 
of the more important analytical expressions presented in the text are 
outlined in the Appendices. The International System of Units (SI) is 
used throuphout, and a pi ossary of symbols and their associated units 
is placed at the end of this dissertation. 


Chapter II 

DESIGN OF ENERGY-STORAGE REACTORS FOR 
SINGLE-WINDING DC-TO-DC CONVERTERS 


2.1 Introduction 

The three single-winding converters considered in the dissertation 
are shown in Fig. 2.1 [8]. The circuit in Fig. 2.1(A) is the voltage step-up 
configuration , which has an average output voltage Vq hiaher than the dc 

i 

input voltage Vj, and is designated as VU. Fig. 2.1(B) shows the current 
step-up configuration designated as CU which has an output current I« hiaher 
than the average input current Ij and an output voltage V Q lower than the 
input voltage Vj. The voltage step-up/current step-up configuration in 
Fig. 2.1(C) can either step up or step down the output voltage while simul- 
taneously supplying an output current that is lower or higher .respectively, 
than the average source input current. This configuration is identified by 
UD, standing for up-down. Each converter consists of an energy-storage re- 
actor, a filter capacitor, a power transistor switch, a free whee ling- diode, 
and a controller which controls the duty cycle of the power transistor. 

Three type of controllers -- constant frequency, constant on-time, and con- 
stant off-tine -- are often used to pulse modulate the power transistor to 
achieve output voltane regulation. The constant frequency controller pro- 
duces a pulse of appropriate width and constant frequency to drive the power 
transistor; the constant on-time controller and constant off-tine controller 


( 6 ) 


CONTROLLER 


CONTROLLER 


CONTROLLER 


Figure 2.1(A) Single-winding vcrltage step-up converter (vu ) 

(B) Single-winding current step-up converter (cu) 

(C) Single-winding voltage step-up/current 
step-up converter (UD) 
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produce pulses to drive the power transistor, respectively, for fixed trans- 
istor on-time and fixed transistor off-time. 

The primary objective in the design of energy storage reactors for 
dc-to-dc converters is to select a suitable magnetic core, determine the 
number of turns and size of the winding wire such that the converter is 
capable of providinn a regulated output voltage over a specified range of 
input voltage and output power. 

This chapter, based heavily on Ref. [3], presents equations and pro- 
cedures for designing the reactors for the three single-winding converters 
in conjunction with the three controller types. 

2.2 Circuit Analysis 

The design procedures are developed from time-domain analyses of 
piecewise-linearized modelsof the power section of the three converter types 
The power transistor and diode in each of these converters operate as 
switches. When the transistor is conducting, the diode is cut off, and the 
energy supplied by the input source is stored in the reactor core. The 
energy stored in the core during the transistor on-time is released throucih 
the diodes to supply the load during the time when the transistor is cut 
off. The flux density in the magnetic core cycles between the values and 
Bg, the minimum and the maximun values of the excursion in steady state for 
a given set of operating conditions. Analysis of each of the three conver- 
ter types yields equations for and Bg accordinn to the type of controller 
employed in the feedback path of the closed-loop regulated converter. These 
two sets 0 f equations form the bases of design algorithms from which the 
number of turns N is computed and from which the various currents 
are found. 
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2.2.1 Modes of Operation 

Two modes of operation are possible for each of the three circuit 
configurations, depending on the nature of the cyclic excursion of core flux 
density. The core material for the inductor is assumed to have a linear B 
versus H characteristic, such as shown in Fig. 2.2, where B<. is the satura- 
tion flux density, B R the residual flux density, and B^ and Bg represent, 
respectively, the minimum and maximum values of the cyclic flux-density ex- 
cursion of the core at any particular set of circuit operating conditions. 

In Mode 1 operation, the flux in the core is, at all times, moving either up- 
ward toward B c durinc a time interval t or downward toward B D during time 
b on R 

interval ^ff* in other words, B^>. and Bg<_ Bg. In Mode 2 operation, the 
flux in the core resides for a finite period of time at the residual 
value; in other words, B^ = for a time tj^ during each cycle. Mode 1 is 
often referred as the continuous conduction mode and Mode 2 as the discon- 
tinuous conduction mode. 


2.2.2 Assumptions 

The three circuit configurations are analyzed under the following 
six assumptions. 1) The transistors and diodes act as switches with constant 
forward voltage drops of V q and Vg, respectively, and infinite reverse re- 
sistances. 2) The magnetic cores of inductors L are operated in the linear 
range with constant permeability y = aB/aH. 3) The filter capacitors C are 
so large that the output voltaae has negligible ripple. 4) The controller 
controlling the duty cycle of the transistors are perfect, drawing zero cur- 
rent from the load and operating with zero time delay. 5) The unregulated 
input voltages Vj are always larger than transistor saturation voltage 
drops Vq. 6) The resistances of the windings are neglected during the design 


process. 



Figure 2.2 Magnetic core characterise* 
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2.3 Desion Information 

Using the assumptions made in the last section, circuit equations 
will be written and certain neneral relationships developed. Attention will 
then be focused on Mode 1 operation, and waveforms of current, voltane, ana 
flux density will be presented for each converter configuration, which are 
applicable for any one of the three types of controllers considered. Design 
equations for Mode 1 operation will then developed for each of the nine comb- 
nations of converter and controller. Following a similar procedure, Mode 2 
operation will then be considered and nine sets of design relationships appli- 
cable to this operation node will be developed. 

Instead of discussinn and deriving relationships for each of the 
eighteen cases individually, information will be presented in the form of 
tables with equation numbers coded so that parallel relationships can he 
identified, as well as specific ones. For example, referring to Table 2.1 
(6) refers to all three nf the equations for t /t^ in the row containing 
the symbol (6), whereas (6 ,CU ) refers to the specific equation t Qn /t^= 

(Vq+Vq )/ (V i -V q-Vo ) applicable only to a current step-up converter. 

Table 2.1 presents neneral relationships for the three configurations. 

These relationships are independent of the node of operation and the controller 

used. Equations for inductor current ij, and capacitor current i c are presented 

for the time interval t that Q is saturated and the flux density in the core 

on 

is increasina from B^ to Bg in Equation (1) and (2), and the interval t^ that 
Q is cut off and the flux density is decreasing from B g to B^in (3) and (4). 

An additional tine interval t^ occurs in Mode 2 operation when the flux 
density remains constant at for a finite portion of each cycle. The 

total period T is defined in (5). Equating the increase and decrease of 
reactor current from (1) and (3) leads to the time relationship 
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rable 2.1 General Characteristics of the Three 
Single-Winding Converters 


Voltage step-up/current step-up 

CONVERTER (UDj 
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(6). Usinq (5) and (6), the fact that the averaoe value of capacitor current 
must be zero, and that Pq = VqIq, the average value of reactor current 1^ 
for Mode 1 or Mode 2 operation is given by (7). 

(A) Mode 1 

Considerin'^ now only mode 1 operation, three expressions-(8) , (9), 
and (10)-are given at the top of Table2.2, relating the time intervals t > 
t^, and T. Also given in the table are sketches of waveshapes of induc- 
tor current i^, input current ij, capacitor current ig, diode current ig» 
flux density B, and voltage across the inductor for all three basic con- 
verter configurations. 

Table 2.3, because of the length of some of the expressions, is ar- 
ranged in three parts, A, B, and C. However, the pattern of presentation 
and numbering of equations follow the same format as in the other tables. 
Table 2.3 aives the design relationships for each of the three basic con- 
verter configurations when driven by a constant frequency controller, a con- 
stant on-time controller, and a constant off-time controller. The first ex- 
pression for each of the nine converter-controller combinations gives values 
for the peak flux-density excursion Bg and the minimum flux-density excur- 
sion B^ for any particular set of operating conditions V j , Vg, and Pq, 
semiconductor parameters Vg and Vg, inductor parameters N, y, B^, &» and A, 
and conversion-frequency period T. The plus si on is to be used for Bg and 
the minus sign for B^. This expression is obtained by recognizing that Bg, 
B /\ = B av t (aB/2) v/h ere B gv = B R + (yNI x /t); for the VU and UD converters, 
aB = ^on^I " Vq)/NA, and for the CU converter, aB = t Qn (Vj - Vg - Vg)/NA. 
Usina the value of I Y from (7), and the value t in terms of T obtained 
from (5) and (6), leads to relationship (11). 
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node I Reactor Flux-Density 
Table 2.3(B) and Turns Relationships for the 
Single-Winding Current Step-Up 
Converter 
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Mode 1 Reactor Flux- Density 
Table 2.3(C) and Turns Relationships for the 
Single-Uinding Voltage Step-Up/ 
Current Step-Up Converter 
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To use (11) in a procedure to produce a converter design with a spec- 
ified output voltage Vq requires information on the particular values of Vj 
and Pq, within their respective specified operating ranges, that produce 
both the highest possible value of B Rt called EL and the lowest possible 
value of B a called B^ min . The two needed pairs of values for Vj and P Q can 
be determined by evaluating expressions for the partial derivatives of Bg 
and with respect to Vj and Pq. Appendix A outlines the steps which lead 
to the two pairs of desired values given in (12) and (13). These extremum 
values must be eaual to or less than a maximum permissible value of flux 
density called B , specified by the designer, and equal to or greater than 
a minimum value B . , also specified by the designer. Equation (14), ob- 
tained by solving (11) for N under the conditions of (12), ciives a value for 
the number of turns on inductor. The detailed derivation of (14) is given 
in Appendix B. 

(B) Mode 2 

Next consider Mode 2 operation. Table 2.4 presents general relation- 
ships for the three converters operating in Mode 2. In Mode 2, the core 
flux density resides at the residual point (24) for a time period t^ 
which is related to the other time intervals by (25). Of primary concern in 
the design of converters operating in this mode is the peak flux density ex- 
cursion Bg which occurs at a peak reactor current ig given by (23). Sketches 
of current, voltane, and flux density waveshapes are given in the table to as- 
sist visualization of similarities and differences among the three converters. 

Table 2.5 presents design information, flux-density relationships, 
and time-interval expressions for the nine combinations of converter and 
controller when the circuit operates in Mode 2. The steps for derivino 


WAVEFORMS 
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Table 2.4 Mode 2 General Relationships and IJaveforms 

for the Three Single-liindino Converter Circuits 
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Table 2.5 Mode 2 Time Flux-Density, and for the 
Three Single-Winding Converter Circuits 
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these equations are outlined in Appendix C. Although Table 2.5 for Mode 2 
operation is analogous to Table 2.3 for Mode 1 operation, and the deriva- 
tion procedure are similar, differences are apparent. The value of B^, by 
definition, is Bp for all cases, and is not given in the table. The ex- 
pressions for the number of turns N are also not given for the reasons to 
be explained later in the next section. 

2.4 Mode Restriction 

There .'.re three possible ways in which a converter may work as far as 
the converter mode of operation is concerned: (i) Mode 1 over the entire 

operating range (ii) Mode 2 over the entire operatino range, and (iii) Mode 1 
and Mode 2 over different portions of the range. However, all of the de- 
signs considered in this dissertation operate in Mode 1 at least at the con- 
ditions given in (12), (16) or (20), i.e. the point at which Bg = Bg mQX . 

In other words, case (ii) described above is not considered in this disser- 
tation. The reasons for this are two-fold. First, given the same op- 
eratina conditions, the peak reactor current for converters operating en- 
tirely in Mode 2 is larger than that for converters not operating entirely 
in Mode 2. Consequently, the stress on the power transistor is greater for 
an entirely .Mode 2 design. Secondly, the peak flux density Bg for con- 
verters operating entirely in Mode 2 with constant frequency controllers is 
independent of the number of turns as can be seen from (26). This makes it 
impossible to determine N for a specified B max . 

Because of this mode restriction, B D occurs at the condition at 

B,max 

which the converter must operate in Mode 1. Therefore, Mode 1 equations 
(14), (18) or (22) can always be used in the desian procedure to determine 
the number of turns N, and the expressions for N are not given for Mode 2 


nliiitf iiiiTT tii 
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operation. Once N is found for a given core geometry, B„ . can be deter- 
mined from the expressions for B^, (11), (15) or (19), and the conditions 
at which min occurs, (13), (17) or (21). If m .- n > B R , then the con- 
verter operates in Mode 1 over the entire operating range, as in case (i) 
described above. Otherwise, the converter operates in Mode 1 and Mode 2 
over different portions of the operating range as in case (iii). 

2.5 Reactor Current, Wire Size, and Windability of the Core 

In the following design procedure, after N is computed for a parti- 
cular core, the rms value of the reactor current can be calculated from 
which wire size can be determined. In Table 2.5, the expressions for the 
rms value of the reactor current for both modes of operation for the nine 
combinations are presented. Mode 1 expressions are given by (39), (45) and 
(51), and Mode 2 expressions by (41), (47), and (53). The location of the 
maximum rms current I Vft are given by (40), (46) and (52) when the con- 
verters operate in Mode 1 for the entire operating range, and are given by 
(42), (48) and (54) when the converters operate in Mode 2 for the entire 
operating range. The derivations for these current expressions and the lo- 
cation at which I Vo mav occurs are outlined in Appendix D. Since the con- 
verter may operate in Mode 1 or Mode 2 over only a portion of the operating 
rancie, the location for I v for both Mode 1 or Mode 2 should be taken 
into consideration together to determine the location at which I Vrt 

AS aX 

occurs. The results given in (43), (49) and (55) are obtained, respective- 
ly, from the pairs (40) and (42), ( 46 ) and (48), and (52) and (54), and are 
true no matter whether the converters operate only in Mode 1 or only in 
Mode 2 over the entire operating range or in Mode 1 or Mode 2 over the 
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RMS Reactor Currents and Their Maximum 
Table 2.6(A) Value for the Si ngl e-Wi ndi ng Voltage 
Step-Up Converter 
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RMS Reactor Currents and Their Maximum 
Value for the Single-llinding Current 
Step-Up Converter 
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RMS Reactor Currents and Their Maximum 
Table 2.6(C) Value for the Single-Winding Voltage 
Step-Up/Current Step-Up Converter 
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different portions of the ranae. The locations given in (43), (49) and (55) 
coincide with those in (12), (16), and (20), at which the core flux density Bg 
reaches a maximum. Because of the mode restriction imposed in Sec. 2.4, the 
converters must operate in Mode 1 at the locations given in (43), (49) and 
(55). Thus, Mode 1 expressions are used to determine I^ e max » as are given 
in (44 ) 9 (50) and (56). Using the value of the maximum rms current, the 
winding wire size can then be determined from commercially available wire 
tables. 

It should be noted that the turns equations given in (14), (18), and 
(22) are obtained without considering the size of the wire. Once the wire 
size has been determined, the windability of the core must be checked by 
considering the winding factor F^, 


where A w is the total cross-sectional area of the wire and its insulation 
and A Wn is the window area of the core. In the next section, examples are 
given to illustrate the design procedure. 

2.6 Design Examples 

Three numerical examples are given in this section. In Example 1 
is a constant-frequency current step-up converter desian which illustrates 
the design procedure which applies to all of the nine controller-converter 
combinations with the exceptions of the constant on-time voltacie step-up 
converter and the constant on-time voltage step-up/current step-up conver- 
ter. For the latter two cases, the design procedures are somewhat dif- 
ferent and are described in Examples 2 and 3. The cores chosen for these 
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examples are toroidal powder permalloy cores obtained from commercial catalog 
MPP-303Sby Magnetics Inc. 

Example 1 

Design the inductor for a current step-up converter with a constant- 
frequency controller with T = 50 microseconds. The remaining specifications 
are: V Q = 15V; V, >min - 22V, V,^ = 28V; P 0>max = 30H; V Q = 0.5V, V Q = 0.7V; 

B max " °’ 35T > B R ■ °- 01T > F w,max = °- 4 ' 


Design Procedures 

[A] Choose a core and determine number of turns N: 

Arbitrarily select a core (Magnetics Catalog Number 55585) with 
A = 0.454x1 O’V, sl - 8.95x10 2 m* A wn = 4.00xl0"V, (788*500 cir. mils) and 
li = 125u 0 (w 0 - 4,rxlO' 7 H/m). 

From (14, CU), N = 84 

[ B] Determine wi re size: 

Using (44, CU), 

T = OA 

1 Xe,max 

7 2 

For a current density of 5.0671x10’ m /A (1000 circular mils/A), 

c 2 

use wire table to find wire sizes. Wire AWG #17 (A ltv , = 1.177x10 m ) . 

Wi 

[C] Check winding factor: 

F w ■ NA wr /\,n - 84x1 .177x10- 6 /4.00x 10- 4 = 0.24 < F w , max 
In this case, the first core size-permeability selection yields a 
design which satisfies the specifications. It is not possible to arbitrarily 
pick a core which will yield a desion which will meet the specifications , 
however. For example, another selection of core (catalog No. 55059) with 
A - 0. 331x10’ V, sl - 5.67xl0’ 2 m, A^ - 1.41xlO’V and p = 60u o yields 
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[A]: N = 110 [B] I Xe>max = 2A (AWG #17) [C] F w = 0.91 > F w#ma>( . This de- 
sign does not meet the maximum winding factor specification. In another ex- 
ample, a core (m 55308) with the same dimensions as just described above but 
with |j = 160p o not workable for this particular set of specifications, 
because with these parameters, the term inside the square root sign in 
(14,CU) is negative, which results in a complex number and therefore a non- 
physical solution for N. 

If the designer is not satisfied with the first workable design, 
another core is selected and the same procedure is followed to determine N 
and windability. 

Examnle 2 

— ... 4 ». 

Design an inductor for a voltaoe step-up converter with a constant 

on-time controller with t = 50 microseconds. Converter specifications are 

on r 

V 0 ■ 28V > Vin ■ 12V > ^ I .max = 22V » P 0, m ax = 40W > V Q = °' 7V ’ V D ' 1V > 

B ntax = °- 35T > b r = °- 01 and F w >m ax = ° -4 ’ 


Design Procedure 

The design procedure for this controller-converter combination is 
somewhat more complicated. Because of (30,VU), the core flux density of 
the reactor with the number of turns determined from (18,VU) may exceed the 
specified value of B m „ w at P n = P rt and V T = V T if the converter op- 

m qX U UjlTlaX 1 Jl jUiaX 

erates in Mode 2 at that condition. Consequently, in the design procedure, 
an extra step must be included to ensure that the value of B mgx is not ex- 
ceeded by Bg at that condition. 

[A] Choose a core and determine the number of turns N: 

Arbitrarily select a core (M-55324) with A = 0. 678x1 0”V, 
i = 8.98xl0" 2 m, A wn =3. 64x10" V and y = 1 25y Q . 
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From (18,VU), N = 37. With this number of turns, the core flux 
density will reach the specified value B max at (P Q = P 0>max , Vj = V [>nin ) 
but may exceed B max at (P Q = P„ >max , Vj - Vj^) due to (30, VU) if the con- 
verter operates in Mode 2 at this condition because of (30, VU). If the con- 
verter does operate in Mode 2 at this condition, and if the flux density at 
this condition exceeds B max , this core is discarded and a new core is se- 
lected for return to (18, VU) to find N, Otherwise, proceed to step [B], 

For this particular example, the converter operates in Mode 2 at 


< P 0,max’ V I,max> because < 15 ’ VU >> V P 0 ' P 0,max * 40W ’ V I = V I,r 


max 


22 V) = - 0.012T < B r , which is 0.01T by specification. Thus, (29, VU) should 
be used to compute B B (P 0tmax . V I>max ); 


V P 0 ’ P 0,max ' 40W > V I ■ V I,max = 22V > 

0.01 + (50x10' 6 )x (22-0.7) 

(0.678x10' 4 )x37 


= 0.43T > B^ ax , which is 0.35T 

Thus, the first selection of core does not work for this desinn specification. 
Select a new core (M-55254) with A = 1 .072xl0~ 4 m 2 , £ = 9.84xl0~ 2 m, 
A v ^=4.27xl0“ 4 m 2 , y = 125y Q . From (18, VU), N = 50. From (15,VU), B A (P Q = 

P n mav = 40W, V T = V T mav = 22V) = 0.059T > B D . Thus, with N = 50 on the 
newly selected core, the converter operates in Mode 1 at (Pq ^ gx , Vj 
and there is no need to check the value of Bg at this condition because of 
(16, VU). 

[B] Determine wire size 

From (50,VU), I Vft = 3.52A. For current density of 5.067 xTO"^ 

A 6 $m aX 

m 2 /A(1000 cir.mils/A), wire A1VG #14 (A wr = 2.294xl0“V) is chosen. 
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[C] Check winding factor 

F = NA. /A = 0.27 < F,.< . and this desion meets the specifica- 

w. wr wn w ,max 

tions. 

The results of this design procedure are core (M-555254), N = 50, 
wire size AWG #14. The comment concerning core-size-permeabil ity selec- 
tion which followed Example 1 applies here as well. 

Example 3 

Design an inductor for a voltage step-up/current step-up converter 

with a constant on-time controller of t = 50 microseconds. Converter 

on 

specifications are V Q = 15V, V I>min = 12V, V^ = 20V, P 0>max = 30W. 

V Q - 0.5V, Vp = 0.8V, B max - 0.35T, B R = 0.01T and = 0.4. 

Desion Procedure 

.* r »P— ! mmm m — ' 

The design procedure for this controller-converter combination is 
similar to but is even more complicated than that in Example 2. Because of 
the uncertainty of the location of Bg max expressed in (16 ,UD ) > V I0 in the 
turn equation (18, UD) is equal to either V j mi - n or Vj max . The value of Vjq 
depends on which extreme value corresponds to the number of turns which 
does not cause the core flux density to exceed B m _ v within the converter op- 

Hi a a 

eratinn range. 

[A] Choose a core an determine the number of turns N: 

-4 2 

Arbitrarily select a core (M-55586) with A = 0.454x10 m , 
j, = 8.95 x10" 2 bi’ A wn = 4.0xl0‘V, u = 60no Settinn V IQ = V 1>m1|) = 12V and 
substituting the other specification into (18, UD), N = 58. Using this cal- 
culated number of turns, the converter will operate in Mode 2 at ( p o,max 9 

V I,max> because fronl < 15 ’ UD) , B A (P 0 = P 0,max’ V I = ''i.max 5 = °- 001T * B R’ 
which, by specification, is 0.01T. Thus, the Mode 2 expression for Bg, 
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(30, UD), should be used to compute B B at ( P 0,max» V I 9 max^* B B^ P 0 ' P 0,max’ 

V i = V i nax ) = 0.395T > B max , which is 0.35T by specification. Thus, this 

core should be discarded, because the maximum flux density value is exceeded. 

. . _4 2 

Select another core (M-55086) with parameter A = 1.34x10 m , 

a = 11.63xl0" 2 m, y = 200y o . = 6.11xl0" 4 m 2 . Set V Tn = V T . = 12V, and 

^ i u l »mi n 

use (18, UD), M = 25. With this turn on the particular core, the converter 
will operate in Mode 1 at (Pq max , Vj nax ) because from (15 ,UD),B^(Pq = 

P n V T = V T = 0.06T > B 0 , which is 0.01T. Thus, Mode 1 equation 

UjiflaX 1 1 jITittX K 

(15, UD) should be used to check B E at (P 0>max . B B (P Q = P 0j[pax , 

V T = V T M 1 = 0.354 > B m . Thus, this desian should also be discarded. 

I I, max max 

Set Vj 0 = Vj max = 20V in (18, UD) for the same core, N = 24. Using the cal- 
culated number of turns for this particular core, the flux density at 

(P 0,nax> Vin 5 shou1d be checked to see if B B at (P 0,max’ V I,min ) exceeds 

B max‘ Usin ? < 15 ' UD >> B A^ P 0,max ’ V I,,nin> = °- 335 < W Thus > for this 
particular core with N = 24, the core flux density will reach B mav at 

Ml aX 

(P n V T m ,„) but will never exceed within the specified operatina 
u,max i , max max 

range. 

[B] Determine Wire Size 


From (50, UD), 


*Xe^ P 0>max 

*Xe^ P 0,max 


V I, ra x> ■ 3 ' 99A 
v I,n1n> ■ 4 ' 85A 


Thus, I Yo = 4.85A; on the basis of 5.0671xl0~V/A, the wire 

A c jUldX 

size is AVJG #13 with wire area A - 2.87xl0" B m 2 . 

[C] Check winding factor 

F w = (24x2.87x10" 6 )/6.11x10‘ 4 = 0.11 < F w>max . 

Therefore, core (M55086),y = 200y Q , with N = 24, AWG #13 meets the 
design requirements. 


32 


2.7 Computer-Aided Design 

As can be seen from the three examples given in the last section, the 
design procedure starts with the arbitrary selection of a core, and then uses 
equations presented in the tables to determine the number of winding turns, 
wire size and the winding factor. If the first selected core fails to pro- 
duce a design which meets the design requirements, then additional cores are 
tried until a workable core is found. This is a time-consuming process if 
the design is done by hand calculations. By automating the design procedure 
on a digital computer, each available core can be tested rapidly, and only 
those cores which produce designs which meet the design requirements are se- 
lected. Such programs have been written and run on a minicomputer with 8K 
words of memory. Fig. 2.3 gives an example of the computer printout for a 
constant frequency voltage step-up converter. The operating conditions which 
must be specified include the desired regulated output voltage, the ranges 
of input voltage and output power, transistor and diode forward voltage 
drops, the converter operating frequency, the magnetic residual flux density, 
the range of permitted core flux density, and the maximum permitted winding 
factor. A list of designs matching the design specifications are printed 
including the core size and permeability identification numbers, the rela- 
tive permeability, the core volume, the number of turns, the wire oauge, the 
value of inductance value, the actual windino factor, mode of operation 1 
indicates that the converter operates in Mode 1 for the entire operating 
range, and 2 indicates that converter operates in Mode 2 over a portion of 
the operating range), and the maximum value of peak reactor current which is 
the same as the maximum value of peak transistor collector current. 



TTY I/O IN VOLTS, AMPERES, VATTS, TESLA, KHZ 


V OUT: 28 

V I N < M I N ) : 1 2 

V IN (MAX): 20 
P OUT (MIN) : 10 
P OUT (MAX) :43 

V SAT: .5 AT I COLL.:l 
V.DIODE: .8. . 

CONV. FREQ: 20 
B RES: 0.0 I 
B M I N : 0 • 0 1 
B MAX: 0.3 5 
MAX. UDG. FACTOR: 0.4 


CORES MATCHING CONSTRAINTS DATE: 8/ 4/ 75 


CORE 

MU 

MU 

VOL. 

NO. 

AUG 

INDUCT 

. UDG . 

MODE 

I B (MAX) 

NO. 

NO. 


CU.CM. 

TURNS 


MH . 

FAC. 

NO. 

AMP. 

8 

2 

125 

4.032 

28 

1 5 

0.123 

0.321 

2 

4.9014 

9 

2 

125 

5.306 

40 

1 5 

0.203 

0.249 

2 

4.3553 

9 

3 

160 

5.306 

28 

1 5 

0.128 

0.174 

2 

4.8545 

9 

4 

200 

5.306 

18 

14 

0.066 

0.140 

2 

6.1074 

10 

2 

125 

4.001 

39 

1 5 

0.120 

0.177 

2 

4.9331 

11 

2 

125 

6.023 

46 

1 5 

0 .248 

0.231 

2 

4.2045 

1 1 

3 

160 

6.02 3 

34 

1 5 

0.173 

0.171 

2 

4.5008 

11 

4 

200 

6.023 

24 

14 

0.108 

0.150 

2 

5.0974 

12 

2 

125 

10.42 

56 

1 5 

0. 527 

0.239 

1 

3.8394 

12 

3 

I 60 

10.42 

42 

1 5 

0.380 

0.179 


3.9653 

12 

4 

200 

10.42 

32 

15 

0.275 

0.137 

2 

4.1354 

13 

2 

125 

22.48 

66 

1 5 

1.248 

0.282 

1 

3.6523 

13 

3 

160 

22.48 

51 

I 5 

0.954 

0.218 

1 

3.6944 

13 

4 

200 

22.48 

40 

'1 5 

0.734 

0.171 

1 

3.7482 

14 

2 

125 

16.18 

69 

15 

0.855 

0.206 

1 

3.7152 

14 

3 

160 

16.18 

53 

1 5 

0.646 

0.158 

1 

3.7800 

14 

4 

200 

16.13 

42 • 

1 5 

0.507 

0.125 

1 

3.8 524 

15 

2 

125 

16.49 

76 

1 5 

0.885 

• 0.189 

1 

3.7084 

15 

3 

160 

16.49 

58 

I 5 

0 .660 

0.144 


3.7742 

15 

4 

200 

16.49 

46 

1 5 

0.519 

0.114 

1 

3.8446 

16 

1 

60 

21.81 

184 

1 5 

2.612 

0.361 


3.5809 

16 

2 

125 

21.61 

86 

1 5 

1.189 

0.169 


3.6591 

16 

3 

160 

21.51 

67 

1 5 

0.924 

0.132 

1 

3.7003 

16 

4 

200 

21.61 

53 

1 5 

0.723 

0.104 


3.7518 


-SifjSS 


Computer Printout for an Example 
Figure 2.3 of a Constant Frequency Voltage 
Step-Up Converter Design 
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2.8 Conclusions 

Three widely used single-winding converter types— voltage step-up, 
current step-up, and voltage step-up/current step-up— are analyzed after the 
circuits are modeled on a piecewise linear basis. Design equations are 
presented and procedures for designing the energy-storage reactors are de- 
veloped to accommodate any combination of the three converter types and the 
three controller types. Each controller-converter combinations has the po- 
tential for operating in Mode 1 or Mode 2 so that a total of eighteen dif- 
ferent possibilities are examined. 

A number of converters of various types operating with various con- 
trollers have been designed using the relationships and the procedure pre- 
sented in this chapter. When tested in the laboratory, the measured cur- 
rents, flux density levels, on-times, and converter frequencies have agreed 
with values predicted from the analytic expressions within three to five 
percent. 

The design procedures presented have been automated in a set of 
digital computer programs to demonstrate the feasibility of computer-aided 
design procedures for single-winding energy- storage reactors for dc-to-dc 


converters. 


Chapter III 

DESIGN OF ENERGY-STORAGE REACTORS FOR TWO-WINDING 
VOLTAGE STEP-UP/CURRENT STEP-UP DC-TO-DC CONVERTERS 


3.1 Introduction 

In this chapter, the basic concept used for desinnina the energy- 
storage reactors for the three single-winding converters is extended to in- 
clude a two-winding converter configuration as shown in Fig. 3.1. This 
configuration, operating like the single-winding voltage step-up/current 
step-up converter described in Chapter I, is capable of steppino up the 
source voltage or stepping up the source current to a higher level of vol- 
tage or current. However, the presence of two windinns in this converter 
enables a much greater range of performance characteristics than is pos- 
sible in the single-winding configurations. For example, the ability to ob- 
tain a voltage step-up or a current step-up by appropriate choice of turns 
ratio removes many of the problems associated with the very narrow range and 
tight control of the duty cycle required of sinole-windina circuits when 
large step-up ratios in voltage or current are required. In addition, the 
second winding makes it possible to isolate input and output circuits from 
each other. By utilizing the extra freedom provided by the additional 
winding, ten desinn options are presented in this chapter to permit a cus- 
tomized design of the converter with respect to a particular performance 
characteristic. 


( 35 ) 
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As in the previous chapter on single-winding converters, three types 
of controllers are considered— constant-frequency, constant transistor on- 
time, and constant transistor off-time, and tv/o modes Of operation are con- 
sidered — Mode 1 and Mode 2. For sinale-windinn converters, these two modes 
of operation are often referred to as the continuous and the discontinuous 
inductor current mode respecti vely. For the two-winding confiouration , 
these modes of operation might more properly be called the continuous and 
the discontinuous mmf modes. 

The material in this chapter builds heavily on the work presented in 
References [4,5]. The format of the presentation follows closely that of 
the preceding chapter. All of the useful expressions are presented in a 
tabular format so that they may be readily used for designing energy- 
storage reactors for two-winding converters. Tv/o numerical examples are 
given at the end of the chapter to illustrate the step-by-step design proce- 
dure developed. 

3.2 Circuit Analysis and Design Relationships 

The operation of this converter configuration is similar to the op- 
eration of the single-winding voltage step-up/current ste-up converter. A 
difference, however, is the fact that the winding currents for this configura 
tion are interrupted each time the transistor is turned on or off. When 
the transistor is turned on the diode is reverse biased and no secondary 
current flows. When the transistor is turned off, the primary current is 
suddenly interrupted, and the energy stored in the reactor core is released 
through the secondary winding. 

The conventions used and the assumptions made in the analysis of 
this configuration build upon the analytical approach followed in the last 
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chapter. By using these assumptions and referring to the sketches of flux 
density, current, and voltage waveforms shown in Fin. 3.2, circuit equations 
are written as Eq. (1) to (6) of Table 3.1. Equating the increase to the 
decrease of core flux density leads to the time relationship (8). 

Table 3.2 presents relationships for time, duty cycle, and flux 
density for both modes of operation. Because of the length of some of the 
expressions, the table is arranged in three parts, A,B, and C, correspondino 
to the three controller types. To simplify the presentation, each control- 
ler is identified by two letters: FQ for the constant frequency controller, 
TN for the constant on-time controller, and TF for the constant off-time 
controller. The equation numbers in the tables are coded so that parallel 
relationships can be identified as well as specific ones. For example, re- 
ferring to Table 3.2, (18) refers to the equations for a for the cases of 
all the three controllers, whereas (18, FQ) refers to the specific equation 
for a for the case of constant-frequency controller. 

Considering first only Mode 1 operation, Eq. (9) follows by defi- 
nition. From (7), (8), and (9), the duty cycle a, of the power transistor 
is given by (10). 

By evaluating the partial derivatives of a with respect to the in- 
put voltage Vj and output power Pq, a can be shown to decrease as Vj in- 
creases and to be independent of Pq (11). Of primary concern in the de- 
sign of converters are the extrema of the flux-density-excursion values, B B 
and B^. Equations (12) and (13) give the values of B B and B^ for any set 
of operating conditions (Vj, Vq, and Pq), semiconductor parameters (Vq and 
Vq), transformer parameters (Np, N<., u, & , A, and B R ), and controller time 
parameters (T, t Qn , t^^). The plus sion is used for Bg and the minus sign 
for B^. These expressions are obtained by recognizino that (Bg,B^) = B ay + 



CIRCUIT EQUATIONS 


Table 3.1 General Characteristics for the Two-Winding 
Voltage Step-Up/Current Step-Up Converter 



vNp^A di p 

— I — at 
i c = " r o 

i S ■ 0 


ny fl d1 's 

j l dt 

k i s 

ip - 0 


GENERAL RELATIONSHIPS 


v r v Q 


V V D 


P' 0 D 
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Time and Flux-Density Relationships 
Table 3.2(A) for Constant Frequency Two-Winding 

Voltage Step-Up/Current Step-Up Converter 


CONSTANT FREQUENCY CONTROLLER 


MODE 1 













■ 'WUxt.. 


Time and Flux-Density Relationships 
Table 3.2(B) for Constant On-Time Voltage Step-Up/ 
Current Step-Up Converter 


CONSTANT ON-TIME CONTROLLER 


MODE 1 


A 0n - 

a 4 


WV 


P' o D ; s' I" q'' 


a decreases with Vj and is independent of P Q . 


P„ f < V 0 +V D )N P 1 (V r V 0 )t on 
l> “A * B R + ^ l N S + J 1 


B 0 * „ occurs at P~ = P n and V T = V Tn , where V Tn = V T . or 

B.max 0 0,max I IQ 10 I, min 

V T mav » depending on the particular design, 
x 5 max • 


B. occurs at P n = P n . and V T = V T mav . 
A, min 0 O.min I I, max 


MODE 2 


’off ' vvv 


*< v rVVon 


2N^A(V q 4-V d ) 




*(¥V Von 

o decreases with Vj and increases with Pg. 


b b = b r 


t < V I- V q)t< 


B b occurs at Vv and is independent of P n . 
B .max I .max u 


b a- b r 





Time, and Flux-Density Relationships 
Table 3.2(C) for Constant Off-Time Voltage Step-Up/ 
Current Step-Up Converter 


CONSTANT OFF-TIME CONTROLLER 


MODE 1 


t" = n 

r off 0 


( 9 ,TF) 


‘on . MW 


■ "P''0 ’0' S' I Q' 


a decreases with Vj and is independent of Pg. 


f ^0 + ^D^P 1 (Vg+Vg)t ff 

V b a W ^ [ (I S * ji -^4 


B n _ atf occurs at P n = P n mav and V T = V T . . 
D,max 0 0,max I I, min 


( 10 ) 


( 11 ) 


(12) , (13) 


(14) 


B. occurs at P ft = P n . and V T = V T m . 
A, min 0 0,min I I, max 


T = T R where T R is the larger root of the quadratic 

t2 ,L + J^VVV] T t 2 . 0 
' 2 l off ,» (V_.v J R ° f f . 


t" = t 

l off Vf 


‘WV 


R^o t r 


ij *VW 


‘on. 1 


a decreases with Vj and increases with Pg 


2»MW T R 

*AV„ 



B„ * B„ + 


B B,max occur * at P 0 = P 0, m ax and v I,»1n* 

(21) 

b a* b r 

(22) 
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(aB/2), where B &v = B R + [yN $ (I SB + l^)/2z] and aB = uN $ (I SB - I SA )/£. 

The use of (4), (10) and the fact that the average output current Pq/Vq = 

(t^ f /T)[(I SB + I<j A )/ 2] leads to (12) and (13). Evaluation of the partial 

derivatives of these expressions with respect to Pq and Vj shows that the 

two extremum values, B D and B« , occur for the conditions given in 

* B,max A, min 

(14) and (15). Appendix A outlines the steps leading to these two pairs of 
conditions. 

The time relationships for Mode 2 operation are given by (16), and 
(17), Manipulation of (7), (8), and (16) leads to the expression for duty 
cycle in (18). By examining the partial derivatives of a with respect to Vj 
and Pq, the duty cycle a can be shown to decrease as Vj increases and to in- 
crease as Pq increases (19). The peak value of the flux excursion Bg is ob- 
tained by using Bg = B R + (yNglgg/*,) and the fact that the average output 
current Pq/Vq = (t^^/T )(I SB /2). Elimination of I SB from these two rela- 
tionships and the use of (8) and (18) leads to (20). Appendix C gives a 
more detailed derivation of the Mode 2 time relationships and the flux- 
density expressions just described. The circuit operating conditions for 
which Bg has its extremum value is given by (21), obtained by examining the 
partial derivatives of Bg with respect to Pq and Vj. 

Table 3.3(A).(B) and (c) present expressions for the transformer rms 
primary current I p amd ms secondary current Ig e for both modes of opera- 
tion. The method for locating the maximum currents, and the reasons for 
selecting mode 1 expressions to compute the maximum rms currents are similar 
to those discussed in Sec. 2. 4. The derivation for the expressions for cur- 
rents, and the conditions at which the currents reache their maximum values 
are given in Appendix D. 
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I D „ occurs at P n = P n mav and V T - V T . 
Pe,max 0 u,max I I, min. 



«vvy / 2 * p o<yy T 

3 l v rV V 0^f n 2 u AVq 


I cjo mav occurs at P n = P n mav and V T = V T 
pe,max 0 O t max I I, min.. 


I- occurs at P n = P n and V T = V T 
Pe.max 0 0,max I I, min. 


^jrax 3 Wo = P 0,max* V I = V I,min^ using Eq * ^ for 


>Se“ 1 




Se.max 


N p (V r V 0 ) 

jgr-tvjr us1ng (23> for ‘pe 


n “ r n anu * T ■ » T mi. 

0 0*max I I, min , 


/N (V -V ) 

V 'PeV^r^r us1ng (25) for ‘pe 


I Co mav occurs at P n = P n mav and V T = V T . 
Se,max 0 0,max I I, min. 


I co m , ¥ occurs at P n = P n mav and V t = V T 
5 e»max 0 Q.max I I, min 


fNnlVr .-VJ 

^e.max" T Pe ,ma*y N^Vq+Yq)" ' using ^ for be. 
















Se,max MODE 2 MODE 1 I Re max MODE 2 MODE 1 



[rli A + VJIfi.il + ir t(v i~ v Q )t B.ff 
LLv 0 'n p vpdj itn 


I Dq occurs at P n = P n mav and V T = V T . or V T 
Pe 0 0,max I I, min I 


fryyyt ( 

KpuAV 0 


‘pe,max occurs at p 0 ' p 0,max and 1s ’dependent of V,_ (26) 


I D occurs at P n = P ft mav and V T = V T or V T mav (27) 

Pe.max 0 0,max I I, min I, max 


I Pe,max = W p 0 = P 0,max’ V I = V I,min^ or M P 0 = P 0,max’ 

V r = V T ) whichever is the larger, using (23) for I Da (28) 
1 1 ,niaX ' c ■ 



V 1 


i 


MW ...a 


V0 0' 


using (23) for Ip e 


I c . mav occurs at P n = P n and V T = V T or V T mav . 
Se,max 0 u,max I l,min i,max 


I Np(V,-V 0 ) , , 

‘so" bJ r s ty-?g- us1 "9 (25) for ‘pe 


I c . m -, v occurs at P rt = P n and V T = V T mav . 
Se.max 0 0,max 1 r,max 


pe.max" W P 0 " P 0,max’ V I ~ V I,min^ or W P 0 " P 0,max* 

V T = V T „,„) whichever is the larger, using (29) for I 

l i ,niaxj * 
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RMS Primary and Secondary Currents for 
TABLE 3.3(C ) Constant Off-Time Two-Winding Voltage 
Step-up/Current Step-up Converter 


MODE 1 

i - rir p ° ( Ns + YSi 2 * 1 rf lv ° + y toff i 2 l N p (v o + y . ,, 3 TF) 

Pe y [Lv n p VyJ 12 LW A J J’ V v o + V +l VVV ,TF 

. I Pe,max occu . rs . at P 0 ’ p 0,rnax aniJ V I ' V I,min' . < 24 > 

MODE 2 

, . K<VV /*«WV T R . ,„. t 

WWW V Mpy AV q <25) 

I Pe,n>ax°« urs p o = P 0,max and V I = V I,n.1n- • < 26 > 

X 

E 

« 

0) 

o. 

M 

occursat p 0 = P 0,max and V I = V I,min* ^ 

■ ! Pe .max' W P 0 = P 0,max* V V I,min> us1 " 8 < 23 > for ‘pe. < 28 > 

LU 

o 

o 

s: 

/ "p(»r»n) 

! Se = ! Pe* y N s i\r Q+ VpT usin 9 < 23 > for T Pe. (29) 

I- _, v occurs at P n mav and V T . . (30) 

Se,max 0,max I,tmn 

MODE 2 

/ N P (V T -V n ) 

V 'pe^ N s -(V^Vp) US1 " 9 (25) for 'Pe < 31 > 

I Se»max occurs at P 0 = P 0,max and V I = V I, m in- < 32 > 

X 

« 

E 

V 

in 

’sa-maxOtt 1 "- 5 at P 0 = P 0,r,ax and V I = V I,min < 33 > 

/NptV. . -V„) 

'se.max* be, Kaffir * us,n8 (28) for V < 34 > 
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3.3 Mode Restriction 

In Chapter II, a discussion of a mode restriction in the design pro- 
cedures for single-winding converters is presented. For similar reasons, 
all of the designs considered in this chapter must operate in Mode 1 at 
least at the operating point given by (14), the point at which B D - B D m . 

D u jITIflX 

Thus, Mode 1 equation for Bg (12) should be used to determine N from a spec- 
ified value of B max . Setting Bg = Bg max in (12) for the condition of (14) 
and manipulating the resultant equations leads to (35) for each of the three 
controllers 


N , ,, _ * V 0 f/ p p v IZ x2 ^TR 2 (V'V 1 f35 rQ) 

N S + (^-T q T N P ” L (Bmax ‘ B R N B max“ B R } ' Ur Q J (35 > FQ) 


pP 


2 rn N i ( W N p\ f p p U, ^ ^ V I0" V Q^on _ 0 
m [N P N s + r577 0 -T Q T'" ] “ (B 2" B R )N P 2R 0 


,jp 2 r'W M ,, .. 2n / n p Uj , ^0 +V D^off _ Q 

[ FfT Q 7 n p n s +n s ] “ (b 2‘ b r )n s + — 0 


(35, TN) 


(35, TF) 


where V-, A. V T . , B 9 A. B„ av , P 9 = P,* mav and V Tn = V T . or V T . de- 
1 = I, min 2 = max’ 2 0,max 10 I, min I, max* 

pending on which condition yields B R as described in (14, TN). In other 
words, any converter-transformer design which satisfies (35) will never ex- 
ceed the specified B max at any point of its operating range. As can be seen 
from (35), even for a particular core with known core parameters and defined 
operating range, N p and are not uniquely determined. Consequently, this 

relationship provides an additional degree of freedom over that available 

\ 

when a single-winding energy-storage converter is used to meet the same 
specifications. It therefore opens the way for the designer to choose an 
additional performance criterion to be met by his design. The next section 
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discusses and shows how this additional degree of freedom provides a variety 
of useful options to the designer. 

3.4 Design Options 

Ten design options are considered: 

(A) Duty cycle centered at a particular value 

(B) Minimum duty cycle 

(C) Range of duty-cycle variation 

(D) Maximum transistor col lector-to-emitter voltane 

(E) Maximum reverse diode voltage 

(F) Maximum peak transistor current 

(G) Maximum peak diode current 

(M ) Maximum duty cycle 

(I) Total number of turns 

(J) Turns ratio 

Each of these ten options leads to an option constraint equation which in- 
volves Np or N s or both. The mathematical description of the desion options 
and the option constraint equations for the ten options listed above are 
summarized in Table 3.4, where U y represents the value of a special perfor- 
mance constraint. The subscript y corresponds to one of the ten design 
options identified by letters A throunh J. In the column labeled MODE NO., 

1 indicates that the converter-transformer design which uses this option 
will operate in Mode 1 over the entire operating ranoe of output-power/input- 
voltage while 1 or 2 indicates that the design will operate either in Mode 
1 entirely or in Mode 2 over a portion of the operatinn range. Mode 2 op- 
eration is not included in options A, B, and C, because the resultant con- 
straint equations are not amenable to analytical solutions for N p and N<-. 
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Table 3.4 Option Descriptions and Option 
Constraint Equations 


n^SES^IPTICH HT 0PT10N CONSTRAINT EQUATIOH 


min max 1 1 


^ *V ZlvV^W [ (V » +V 2* Z V 11 ‘ 2^ 

J( v ^ v 2 - 2 v/(l- 2 i--) 2 - 4 (V r V Q )(V 2 -V q )( 1 - i-! 


w u b 1 


««; -<w r,„ _, u . vii* 

HT* Y C“ 2{v,-v 0 )(v rW v l +v 2 2V Q u c > 


■i p (, £V» 1 -»QM« 2 --Qi 


^ rmax^min'^C | 1 ] . 


i 1+ V 2 -2V Q - & -4(V r V Q )(V 2 -V Q )] 


1 « S V V D 

D K,; u ° ° 2 r v t ° w 


1 1 «S . u e* v o 

v °-w Ue ° 2 r F W 


F | ( 1 

F f co1 W U F N P ■ u uT 


|i I .i (b 2 ~ b r>' 

G \ a ;^ - f h' -^r- 


1 i n s . . vji ( _i . ,j 

« k a x* U H ° 2 r ^ Y » W U H ’ 



or Jn p +H s -Uj 


1 '"s.i, 
SjT M o 






























Option Solutions for N p and N s for 
Table 3.5(B) Constant On-Time Two-Winding Voltage 
Step-Up/Current Step-Up Converter 


optio: 

HO 


OPTION 
DESCRIPTION 


'n)ln +a tnax 


t 


CONSTANT ON-TIKE CONTROLLER 


MP, / <V„^y r .)NpZ- v (V, n -V n U 

COMMON EQUATION ! AV Tv^rvrr )-<VBr)V 0 C35 • T,1, 


Mopq 

HO 


SOLUTION FOR N p 


‘ v o <W 
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The derivations of these constraint equations are oiven in Appendix E. 

The option constraint equations presented in Table 3.4 are inde- 
pendent of controller types. Each of the constraint equations can be solved 
simultaneously with each of the three equations (35, FQ), (35, TN), and (35, TF) 
to yield solutions for N p and Ng for each of the three controller types. 

These solution sets are in terms of core parameters and converter operating 
conditions, and are presented in Table 3.5-A,B, and C, with the. appropriate 
(35) repeated at the top of each table. Appendix F outlines the steps fol- 
lowed in these solution sets. Each of these three solution sets provides 
the principal equations for each option to be used later in the design pro- 
cedure. It should be noted that the solution sets obtained are based on the 
maximum specified flux density B maX at the critical input-output conditions 
given in (14) and on the value of a special performance constraint. The de- 
tailed use of these tables for designing energy- storage transformers for 
two-winding converters is illustrated with numerical examples in the next 
section. 

3 .5 Design Examples 

In this section two examples are presented which demonstrate the pro- 
cedures for designina the energy-storage transformers for two-winding con- 
verters employing a constant on-time controller and a constant off-time con- 
troller. For the case of a constant-frequency controller, the design pro- 
cedure is quite similar to the case of a constant off-time controller and 
will not be presented here. The magnetic cores chosen for these examples are 
obtained from commerical catalog MPP-303S by Magnetics Inc. 

Example 1 

Design the transformer for a constant off-time controller-converter 
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with t ^ = 20 microseconds. Desinn option (D) is selected to provide a 
maximum collector- to-emitter voltaae = 80 volts. Other specifications are: 


V I,min ‘ 10V ’ P 0,max ' 10W - V 0 = 15V > V D ' 0 ' 7V > V q = °' 2V ’ B max = °' 35T ’ 


B R ■ °- 01T ’ F w, pi ax ■ °- 4 


Design Procedures 

[A] Choose a core and determine number of turns Np and N^: 

Arbitrarily select a core (Magnetics Cataloo Number 55324) with 
A = 0.678xl0”V, £ = 8.98xl0” 2 m, A lt/n = 3.64xl0'V, (719,100 circular mils) 
and p = 1 2 5y Q (y Q = 4uxl0" 7 H/m) . 

Use the equation for option D in Table 3.2 to find and the 
equations for option D in Table 3.4-C to find N p and N^. 




-7 2 

For current density of 5.0671x10 m /A, use wire table to find wire 

- 7 2 

sizes. Wire AUG #19 (A v , r = 7 .544x10“ m ) is chosen for primary winding, and 

-6 ? 

AVIG #17 (A - 1.1 77x10” m ) is chosen for secondary winding. 

wr 
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[C] Check winding factor: 

F w - L(NA wr )p + (NA wr )<.]/A wn 

= [129x7. 544xl0 _7 + 34 x 1 .177x1 0" 6 ]/3. 64 x 1 0" 4 
= 0.38 < F w max , which is 0.4 by converter specification. 

The pertinent information concernina this design is: N p = 129, 

Ng = 34, primary wire AWG #19, secondary wire AWG #17, and - 0.38. 

In this example, the core size-permeability combinations selected 
yields a satisfactory design. However, arbitrarily selected combinations 
may fail to produce a workable design due to either an excessively large 
winding factor or a nonrealizable complex number for N p or N^. In this 
case, repetitive trials are necessary to find workable cores. 

Exampl e 2 

Using the specifications from Example 1, design a transformer for a 

constant on-time controller with t = 50 microseconds. The turns ratio 

on 

(Option J) to be 1.2. 

Design Procedure 

Similar to the case of the constant on-time single-winding voltage 
step-up/current step-up converter given in Example 3 of Chapter II, special 
steps must be included to ensure that the core flux density at any condition 
within the specified operating range does not exceed B max> 

[A] Choose a core and determine number of turns N p and N s : 

Arbitrarily select a core (Magnetics Catalon Number 55585) with 
u = 125y Q , A = 0.454xl0~V, & = 8.95xl0“ 2 m, A - 4.00xl0‘ 4 m 2 . From Option 
J in Table 3.4, Yj = 1.2. Using the expressions for N p and N<. in Table 
3.5-B, calculate N p and N<, for Vjq = Vj = 10V; N p = 83, and N<. = 100 . 
Compute B b for N p =33 , N $ =100 , Vj = Vj >max = 20 V. and P Q = P Qjmax = 10W, 
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usino (12, TN) or (20, TN) depending on which mode the converter operates in 
under these conditions. Using (13, TN), B- (Pq = Pg^ax’ V I = V I,max^ = °* 06 
tesla > E r , which is 0.01 tesla; therefore the converter is in Mode 1 and 
the Mode 1 expression (12, TN) should be used to check Bg at Pq = Pq max and 

V I = V I,max and Wax’ v I,imx ) = °' 33 tesla * E max' Thu5 ’ for th1s 
first trial desinn, the core flux density does not exceed within the 

converter operating range. 

[B] Determine wire sizes 

From (28, TN), 

W P 0,nax’ V I,min> = ^ 

I Pe^ P 0,nax* V I,max^ = 0,92A 

Thus, I pe max = 1.89 and wire size AWG #17 (A^ p = 1.18xl0‘ 6 m 2 ) 
is chosen for the primary winding wire 
From (33, TN), 

y P 0= P 0,»ax' V I,J = 1 ' 3M 


WV P 0.niax’ V I,nax } = °‘ 94A 


Thus, I- • = 1.36A, and wire size AWG #18 (A,,„ <• ■ 9.16xlO"V) 
Se,max wr,b 

is chosen for the secondary winding wire. 

[C] Check winding factor 

F w = ( N P%r,P + N S A wr,S^ A wn- 0 - 47> F w, m ax' 

Thus, this trial design does not meet the windino factor require- 
ment, and should be discarded. 

Try another core, starting from step [A], repeatino the same pro- 
cedure. 

[A] Select core (MAG. 55583) which has the same dimension as that of the 
first trial core, but with y * 160 y Q . 

N p = 67, N s = 80. 
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B a (P 0 max , Vj max ) - 0.02 > B r . Thus converter operates in Mode 1 at Pq = 

P 0,max and V I ■ ^ I, max' Usi ^ B B< P 0,max* V I,max> = °' 345 < B max' 

Thus, the flux density requirement is met. 

[B] Determine Wire Size 

■pe.max = 1 ' 88A AWG #17 

^e.max = 1 ' 35A AWG #18 

[C] Check winding factor 

F. = 0.38 < F. __ v 
w w, max 

Thus, the second trial design meets all the desian requirements. A 
summary of the significant quantities resulting from this design is core 
Cat. No. 55583 with y = 160y Q , Np = 67, = 80 primary wire size is AWG 17; 

Secondary wire size is AWG 18, Winding factor is 0.38. 


3.6 Conclusions 

The analysis of the two-winding energy-storage converter presented 
in this chapter led to the recognition of an additional constraint relation- 
ship not available in single-winding converters. By expressing this rela- 
tionship in suitable mathematical form, the additional constraint concept was 
incorporated into specific design equations to provide the designer new 
freedom to meet additional design objectives not heretofore available. The 
design relationships are presented in tabular form and can be readily auto- 
mated in a digital computer to greatly reduce the time and effort required 
of the designer. 

Measurements have been made of critical circuit variables for a 
number of energy-storage transformer designs obtained from the design proce- 
dures presented in this chapter. The measured values aaree with those pre- 
dicted from the analytical relationships within three to five percent. 


Chapter IV 

LOWER- BOUND ON WORKABLE REACTOR CORE VOLUME 


4.1 Introduction 

This chapter develops the theory for a basic constraint relation- 
ship for the energy-storage reactors for the twelve controller-converter 
combinations considered in the last two chapters. This constraint rela- 
tionship is evolved through an analysis of the converters from an energy 
point of view. Throuoh this constraint relationship, a lower-bound condi- 
tion on the volume of workable reactor cores is established. This lower- 
bound condition not only provides a useful criterion for the comparison of 
the various controller-converter combinations, but it also leads to an 
easily used rule for quickly selecting candidate cores for given converter 
specification, thus considerably simplifyinn the search process which is a 
necessary part of the design procedures developed in the last two chapters. 

This chapter follows closely the material presented in Ref. [6]. 

The scheme used in the last tv/o chapters for identifying the various con- 
troller-converter combinations are used in this chapter as well. The three 
controllers are identified by the two-letter combinations: FQ for constant 
frequency, TN for constant on-time, and TF for constant off-time controllers 
The converter configurations are identified by two letters: VU for the vol- 
tage step-up, CU for the current step up, UD for the single-winding voltage 
step-up/current step-up, and 2UD for the two-windi no voltage step-up/current 


( 59 ) 
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step-up converters. Using these identification codes and referring to 
Table 4.1, (1,FQVU) refers to the specific equation aW = TP o^ V 0 +V D"^I ^o* 
for the voltage step-up converter with a constant-frequency controller. To 
simplify the presentation, when an equation applies to all controllers, the 
controller identifier is omitted. For example, (1,VU) refers to all three 
of the equations for AW m for the voltage step-up converter with all three 
types of controllers. When both the controller and the converter identifi- 
cation codes are absent, the equation reference applies to all twelve con- 
troller-converter combinations. 

4.2 Development of Constraint Relationship 

Several fundamental papers [9,10,11] point out that in any efficient 
dc-to-dc conversion process taking place in an electric network, an inter- 
nal cyclic or ac power flow is an inherent feature of the power processing 
system. The analytical approach followed in those papers is based on con- 
siderations of the energy balance in a general dc-to-dc conversion system 
and leads to a number of statements or laws which provide fundamental in- 
sight into the conversion process. In this chapter, a constraint relation- 
ship is developed from a similar energy-balance approach, but it is derived 
in the context of a set of piecewise-linear circuit models developed in 
Chapters II and III. In the converters under consideration, part or all of 
the energy supplied by the input source is stored as magnetic energy during 
the first portion of a switching cycle, and is then transferred to the fil- 
ter capacitor and load during the last portion of the cycle. The energy re- 
ceived by the filter capacitor during the last portion of a switching cycle 
subsequently is released to supply the load during the first portion of the 
next cycle. 
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The parameter of most concern in this chapter is aW , and it repre- 
sents the magnetic eneroy which must be transferred through the reactor dur- 
ing each cycle of steady-state operation. aV^ is defined as the difference 
between the maximum and the minimum of the energy stored durinn each steady- 
state cycle. Analyses of the four converter types considered in this dis- 
ertation yield expressions for aVL in terms of converter operating condi- 
tions and the switching-cycle time parameters which are dictated by the type 
of controller employed in the feedback loop. These expressions form the 
bases from which the lower-bound conditions on reactor core volumes are de- 
rived. 

4.2.1 Expressions for aW- and A'/i 

1 m m,max 

Using the piecewise- linearized circuit models described in Chapters 
II and III and some results from those two chapters, the expressions for 
aW can be derived and are presented in Table 4.1. The expressions for 
for the various controller-converter combinations are presented for Mode 1 
operation as (1), and for Mode 2 operation as (3). The expressions are in 
terms of converter operating conditions, input and output voltages Vj and V q 
and output power Pq*, semiconductor voltage drops Vq and controller time 
parameters (conversion period T for the constant-frequency controller, trans- 
istor on-time t for the constant on-time controller, and transistor off- 
on 

time t o ^ for the constant off-time controller) and for some cases, induct- 
ance value and a winding parameter y. These expressions are obtained by 
integrating the input power to the energy-storage reactor over a period of 
time during v/hich energy is flowing into the magnetic core. Detailed deriva- 
tions of these equations are given in Appendix G. 

To use these expressions to obtain a lower bound for the required 
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magnetic-core volume requires knowledge of the particular input-voltage and 
output-power condition, lying within the operating ranne, for which AW^ has 
a maximum value aW m . This information is obtained by evaluating the 

hi 

partial derivatives of Al.^ v/ith respect to Vj and Pq. This evaluation yields 
the results oiven by (2) and (4). Since a converter may operate in Mode 1 or 
Mode 2 over only a portion of the P Q -Vj operating range, results of both (2) 
and (4) should be taken into consideration together to determine the location 
at which aK' occurs. It can be seen from (2) and (4), that for each con- 

Hi jPlaX 

trol ler-converter combination, 3AW m /aP 0 is nonnegative, and 3A!^/aVj is 
either nonneoative or nonpositive but never changes sign within the operating 
range. In other words, AW ffl is a monotonical ly increasino function of Pq and 
is either a monotonically increasing or monotonically decreasing function of 
V T . Thus, All, occurs at one of the extremities of the converter opera- 

X 111 jfliaX 

ting ranae as given in (5), no matter whether the converters operate only 
in Mode 1 or only in Mode 2 over the entire operating range or in Mode 1 and 
Mode 2 over different portions of the operating range. An exception is the 
Mode 2 case of TFCU, where the sign of SAl^/aV^ is undetermined; it only can 

be concluded that aW, occurs at P n as oiven in (5,TFCU). Once the 

location where AW m mQX occurs is known, its value can be found by substi- 
tuting condition (5) into expressions for AW m in (1) or (3), dependino on 
which mode the converter operates in at that particular condition. However, 
converters considered in this chapter, as those considered in earlier 
chapters are designed to operate in Mode 1 at least at the location where 
core flux density Bg reaches its maximum prescribed value B mgx . This pre- 
cludes for some controller-converter combinations such as TNCU, and for all 
constant frequency FQ and constant off- time TF controller-converter combi- 
nations, the possibility of operatino in Mode 2 at the condition oiven in 
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in (5) and, thus, Mode 1 expressions for aW^ should be used to compute 

AW m max for such cases. For the cases of TNVU, TNUD, and TN2UD, AW m max may 

occur in Mode 1 or Mode 2, but Mode 1 expressions are used to compute 

aK' as oiven in (5) for these three cases, for reasons to be explained 

in the section on lower-bound conditions on core volume. In summary, for the 

various reasons stated above, Mode 1 expressions for AW m are always used to 

compute aW, in (6) for all controller-converter combinations. 

r m, max 

4,2.2 Lower-Bound on Workable Core Volumes 

In this section, a lower-bound condition on the volume of workable 
reactor cores for given converter specifications is established by consid- 
ering the amount of energy aW required to be transferred under worst- 

m,max 

case conditions by the controller-converter and the energy-transferring 
capability of a magnetic core. The capability of a core to store and re- 
lease energy is a function of its volume, the B-H characteristic of the mag- 
netic material used, and the maximum allowed flux density B max . The latter 
is the maximum which the flux density is designed to reach at least at one 
operating condition but which must not be exceeded. Referring to Fig. 4.1, 
the maximum energy which a converter core could possibly store and release 
over a complete switching cycle is equal to the volume of the core times 
the integral of the magnetic field strength H with respect to the flux den- 
sity B over the limits B D and B m . 

B B 

r max max 

AlL = i A HdB = ^ HdB 

m J 

b r b r 

From the condition that the energy transfer capability of cores which meet 
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the desian specifications must be equal to or Greater than aVL M . a 
r n - m,max 

lower-bound condition on the core volume is established, expressed in 
the form of an inequality: 


max 


HdB] ^ l, LB 


(4.8) 


where AV' m max can be computed using (6) in Table 4.1 for given specifica- 
tions. As discussed in the last section, for the combinations of TNVU, 

TNUD, and TN2UD, AIL may occur in Mode 1 or in Mode 2, but Mode 1 ex- 

m,max J 

pressions are always used to determine aW^ max . The reason for doing so is 
that for such cases, a prior knowledge of the value of the reactor inductance 
(transformer primary inductance for TN2UD) is required in usinc Mode 2 ex- 
pressions to determine aW . and from this parameter, the lower-bound 

core volume The Mode 2 expressions thus imply that an additional 

constraint is imposed on the converter core, so that the lower-bound value 
obtained in this manner will not be the absolute lower-bound value. 

Returnina to the lower-bound value of workable core volume, if the 
core is operated over the linear range of the B-H characteristic with con- 
stant permeability p, then the integral of H with respect to B becomes 
(B^ax - B r )V2u and (4.8) may be rewritten as: 


V > 2(1 AW mav /(B mav - Bp) 2 A V. „ (4.9 

— ^ m,max max R = LB 

Details on the use of this expression with Table 4.1 to determine the lower 
bound of workable converter cores will be illustrated in the next section. 

4.3 An Example 

A numerical example is given in this section to illustrate the use 
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of Table 4.1 to determine the lower -bound core volume for a particular con- 
verter. 

Example 


Find the lower- bound volume of workable cores for a constant- 
frequency voltage step-up converter with specifications: 

Vin ’ 12V > V 0 ■ 28V - V D ■ °- 7V 

p 0.b« = 30W; B max = °- 35T = B r = 0.01T 
Conversion period T = lOOps 

From (6, FQVU) in Table 4.1 and (4.9), 

AW mav - TP a mav (V n +V -V T . )/V n = 1 . 789x1 O’* 3 J 
m,max 0,max' 0 D I, min' 0 

for \i = 125u q , where y Q = 4rrXlO” 7 H/m 

V. R = 2m A VI / (B - Bp) 2 = 4.86xl0' 6 m 3 

LB ^ m,max max K 


4.4 Comparative Evaluation of Controller-Converter Combinations 

Using the derived lower-bound conditions on workable reactor core 
volumes, comparative evaluations of the various controller-converter combi- 
nations now may be made. In this section comparisons are made for conver- 
ters in the following two categories: all four converter configurations 

with the same type of controller; and all three types of controllers with a 
sinole converter configuration. In the first category, comparisons are made 
between configurations VU and UD; CU and UD; and UD and 2UD, according to 
the converter function. Both VU and UD confinurations are capable of step- 
ping up the output voltage above the input ;i/ :aoe level, while both CU and 
UD are capable of stepping up the output current above the input current 
level. Configurations UD and 2UD are capable of stepping up either the out- 
put voltage or the output current over the corresponding input voltage or 
current. The identification scheme used in Tables 4.1 to code the 
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controller-converter combinations is used in this section as the subscript 
accompanying the lower-bound (LB) values of core volume For example, 

Vb VU stan< * s f° r the lower-bound volume of workable cores in a voltage 
step-up converter. 

It can be seen from (4.9) that the lov/er bound of core volume is 

proportional to AhL for a given magnetic material and specified B . 

m jiiiuA max 

Thus, comparison of ^ can be made by comparing AW m max values for the 
various combinations. All comparisons are based on identical magnetic 
material and converter specifications of input voltage and output power. 

The results of the comparison are summarized below. 

4.4.1 Comparisons of Different Converter Configurations for the Same 
Controller Type. 

Comparison Between Configurations VU and UP ; 

V < 1/ 

LB,VU < LB,UD 

This comparison shows that for a voltage step-up application, the 
lower-bound volume of workable cores for single-winding voltage step-up con- 
verters is always less than the lower-bound volume of workable cores for 
single-winding voltage step-up/current step-up converters. 

Comparison Between Configurations CU and UP : 

^LB,CU < ^LB.UD 

This comparison shows that for a current step-up application, the 
lower-bound volume of workable cores for si nal e-winding current step-up con- 
verters is always less than the lower-bound volume of workable cores for 
single-winding voltage step-up/current step-up converters. 


Comparison Between Configurations UD and 2UD: 


For a voltaoe sten-up/current step-up application, a comparison of 
the lower-bound volume on workable cores for the two possible configurations 
UD and 2UD must include a consideration of the type of controller employed. 

If a constant frequency controller is employed in both converter configura- 
tions, l/ LB pq UD = l/ LB cq2ud* For configurations TN2UD and TF2UD, t/ LB is in- 
fluenced by the winding parameter y. t/^ B jf^uo increases with an increase 
of y, but l^ B jp2UD decreased with an increase of y, and the results of the 
comparisons are as follows: 


l/ LB,FQUD ~ "LB.FQ2UD 


V LB,TNUD > l/ LB,TN2UD i 
^LB.TNUD = ^LB ,TN2UD ; 
^LbJNVD > ^LB,TN2UD* 


^LB,TFUD < t/ LB,TF2UD ; 
^LB,TFUD = l/ LB,TF2UD ; 
^LB.TFUD > ^LB,TF2UD’ 


for y < 1 
for y = 1 
for y > 1 


4.4.2 Comparisons of Different Controller Types for the Same Converter 
Configuration. 

Confi nuration VU: 


(U IB,FQVU /T ^ 


^LB.TNVU^on^ 


),(V 0 +V D - V ' I ' > mi n y ' t V I^WW 


Configuration CU: 


^LB,FQCU /T ^ 


^LB,TNCU /t on^ 


^LB.TFVU^off ^ 

( VV^I,min )( VVV 

(4.10) 


^ LBJFCU^off^ 


WW? = { V max +V D- V Q HV7^;;^Q) = W< v !^VV 

(4.11) 

Configurations UD ( y=1 ) and 2UD (y =N<g/Np) : 
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^LB,FQUD,2UD /T ^ 


^LB,TNUD.2UD''*'on' 


l ' ( V I, m in- V Q)^o i V D+ Y(V”~-T Q n 

Y B ,TFUD , 2l!D^of f ^ 

= WWW 


(4.12) 


A numerical example is niven below to illustrate how to make use of these 

comparisons. 

Example 

For a voltage step-up converter with specifications Vq = 28V, 

V I,min ■ 18V - V °- 8V > a " d V Q ■ °- 2 > 

(A) determine the ratio of the lower-bound volume of workable cores for this 
converter with a constant-frequency controller of period T = lOOys to 
the lower-bound volume of workable cores for the same converter with a 
constant on-time controller with t = 50 m s. 

(B) determine the ratio of T to t if the ratio of the lower-bound volume 
of workable cores for this converter with a constant-frequency con- 
troller to the lower-bound volume of workable cores for the same con- 
verter with a constant on-time controller is unity. 


(A) From the first equality in Eq. (4.10), 

^ LB,FQVU = T (VV V I t min) _ (IQQxlO" 6 ) (28+0.8-18) 
^ LB,TNVU WVW (50x10"*) (28+0. 8-0.2) 

(B) From the first equality in Eq. (4.10), 

T _ ^VW ^LB.FQVU _ 28+0.8-0.2 . 9 ^ 
t on ( VVV,min^L^TNVU 28+0.6-18 


= 0.76 
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4.5 Conclusions 

A study of energy- storage dc-to-dc converters from an enemy point 
of view leads to a better understanding of the process by which energy is 
transferred through the reactors and leads to a fundamental and useful con- 
straint relationship on the maonetic reactor. From this constraint rela- 
tionship, a lower-bound condition on the volume of workable reactor cores 
for each controller-converter combination is established. This lower-bound 
value provides a numerical cutoff which may be used by a designer to easily 
screen the population of available magnetic cores thereby locating those 
cores which are candidates for a particular converter design. It should be 
noted, however, that while this lower-bound condition provides a useful cri- 
terion for eliminating unworkable cores from the core population, it does not 
guarantee that any core with a volume greater than the lower-bound volume is 
practically usable because the core may not be windable. 

Usin^ derived lower-bound conditions, a comparative evaluation amono 
the various controller-converter combinations considered is presented. The 
results of this comparative evaluation of the various combinations should be 
useful to designers of dc-to-dc converters by providing some guidance not 
previously available for making choices among the many possible combinations 
of controllers and converters. 


Chapter V 

TABLE-AIDED DESIGN PROCEDURES FOR ENERGY- STORAGE REACTORS 


5.1 Introduction 

The procedures described in Chapters II and II for designing the 
magnetic reactors required in energy-storage dc-to-dc converters include a 
search through a data file of magnetic core specifications and yield as an 
output a list of windable cores which meet particular converter specifica- 
tions. This search process usually begins with the smallest available core 
size and proceeds sequentially toward the largest size. The search algorithm 
is readily implemented with a digital computer program, but it is a time con- 
suming approach when the procedure must be followed with hand computations or 
with a small computer which does not have sufficient memory to accommodate 
the necessary magnetic core data. 

This chapter, based on work presented in Reference [7], presents a 
new set of procedures for desiging energy -storage reactors for the twelve 
controller-converter combinations which were described in earlier chapters. 
These new procedures eliminate the need for an automated computer search 
algorithm. The heart of the new design procedures depends on the 

development of a special table of parameters calculated from cataloq data 
provided by manufacturers of magnetic cores. With the assistance of the 
special table and the lower-bound condition on .workable converter core vol- 
umes as developed in Chapter IV, the search process can be reduced to a 
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methodical table search. With several relatively simple calculations and a 
few trials, a core can be selected to match the controller-converter specifi- 
cations and the number of turns can be determined. 

The design equations are given in tabular format and are placed to- 
gether at the end of this chapter for convenient reference. Equation 
numbers in the tables run from (l) through (17) . and continue sequentially 
in the text, startino with (5.18). Within the tables, where appropriate, 
equations are identified with converter types as in earlier chapters. For 
example, (7,CU) refers to the particular expression for N given by (7) in 
Table 5.1(B)for the current step-up converter. Following the presentation 
of the design procedure, a number of examples are oiven to illustrate the 
step-by-step design process. 

5.2 Design Relationships for Single- and Two-Winding Converters 

Table 5.1 presented in four parts, A,B,C, and D, gives expressions 
for computing maximum rms current and the number of turns for the winding of 
the nine single-winding and the three two-winding control ler-converter units. 
These expressions are obtained directly from Tables 2.6 and 3.3 except for 
(4,TNUD). This expression is obtained from (50, UD) of Table 2.6 and an 
additional constraint imposed on TNUD to be described in the last paragraph of 
this section. For each combination, the number of turns N, given by (7), is 
seen to depend on a specification parameter a grouping of terms common to 
all three controllers for a given type of converter, and two magnetic core 
parameters, {t//y} and U/y}, The parameter ^ is a function of the converter 
specifications and is specific to the chosen controller-controller combina- 
tion. The quantities {l//y} and U/y} are obtained from a special table of 
core parameters to be discussed in a later section. Parameter values from 
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this table are identified by enclosing braces. The expressions for N in 
(7) are obtained from Tables 2.3 and 3.5 and are rearranged to allow the use 
of the specification parameters and the core parameters {V/u} and U/y}. As 
described in Chapters II and III, a condition required of these expressions 
is that the core flux density, at one point in the operating range called 
the design operating point, reaches but never exceeds a specified upper- 
bound value B max ; and that at this point, to which the equations for N corre- 
spond, the converter operates in Mode 1, the continuous mmf mode. 

In the two-winding configuration, the presence of the additional 
winding not only provides input-output conductive isolation, but, as pointed 
out in Chapter III, also provides an additional degree of freedom in the de- 
sign procedure beyond those for single-winding converters. By utilizing the 
extra degree of freedom, it is possible to incorporate particular performance 
or design constraints into the design procedure. Seven of the ten options 
considered in Chapter III are presented in this chapter using the same option 
letter symbols previously employed. These are: (A) duty cycle centered at a 
specified value; (B) minimum duty cycle; (C) specified range of duty-cycle 
variation; (D) maximum transistor collector- to-emitter voltage; (E) maximum 
diode reverse voltage; (H) maximum duty cycle; and (J) turns ratio. Each of 
these options leads to an option constraint equation from which the turns 
ratio y is determined. Options (F), (G), and (I) presented in Chapter III 
are not considered in this chapter since the turns ratio for these three 
options can not be determined directly from a given set of converter speci- 
fications, and the design procedure presented in this chapter is not appli- 
cable to the two-winding configurations without knowing the turns ratio. 

Table 5.2 presents the option constraint equations from which the particu- 
lar value of turns ratio y = y^, where y .« A,B,C,D,E,H or J, to be used in 
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Table 5.1 (D)is determined for each of the seven options described. 

As can be seen by referrinn to the expressions for Bg in Tables 2.3 
and 3.2, for each of the controller-converter configurations considered ex- 
cept TNUD and TN2UD, there is a well-defined extremum point in the output- 
pov.<er/input-vol tage operatina ranoe at which the peak value of the flux- 
density excursion has a maximum B D Since the desioner's choice for the 

maximum permissible value of core flux density B assumes the role of a 
basic constraint in the design procedure, the expressions for turns N given 
by (7) are written in terms of the output power and input voltaae at these 
well-defined extremum points where B D = B m . For each of the two ex- 

DjlUaX fMaX 

ceptional cases of TNUD and TN2UD, the maximum flux density occurs at either 
the point (P 0jmax , V [>min ) or at the point (P 0>m#){ . V^) as can be seen 
from (16, UD) of Chapter II and (14, TN) of Chapter III. To determine at 
which of the input-voltage extremes the maximum flux density occurs requires 
a somewhat involved set of computations and comparisons of results. These 
are not well suited to the manipulation capability of a pocket calculator, 
whereas the computations and mathematical operations required in the design 
of the other ten controller-converter combinations are. For this reason, 
for the TNUD and TN2UD cases, the desion operating point where the turns N 
are calculated using Mode 1 conditions is assigned to be located at the point 
(Pfi piax*^I,min^ though this assignment may decrease the number of designs 
available . a related complexity still remains with these two configura- 
tions in comparison with the other ten in that there is no assurance that 
the peak value of the flux-density excursion Bg at the point (P Q max >Vj max ) 
may not exceed the value at the design point (P n , V, . ) where the de- 
sign procedure forces the peak value of the flux-density excursion to be the 
designer's choice for A method for eliminating the possibility of 

EnaX 
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such a design is obtained from a study of the equations for the peak value 
of the flux-density excursion B g as functions of N oiven in Equations (15, UD) 
of Chapter II, and (12,TN) of Chapter III, from which it can be shown that 
(aBg/aN) > 0. This means that at any point throughout the' converter out- 

put-power/input-voltage operating range increasing the number of turns on a 
particular core increases the peak value of the core flux density excursion. 
Consideration of this fact permits determining whether this undesirable set 
of circumstances exists. The procedure is to compute the turns N in the 
normal fashion using values of Pq, Vj and Bg corresponding to Pq max , Vj m; j n 
and B fflax and compare it to an artificial value of turns N J using values 
corresponding to P n m . V T and B . The two values N and N' corre- 
spend to values obtained by setting V Tr , = V T . and V T in (18, UD) of 
Chapter II (or the solution expressions for N p in Table 3.3-B). If the 
value calculated for N* is greater than the value of N then it can be con- 
cluded that with N turns on the winding the peak of the core flux-density 
excursion at the point (P ft V T niav ) will be less than the specified de- 

U jITiaX X jfTlaX 

sign maximum of B max and the design is satisfactory. Such a test is in- 
cluded in the design procedure for these two exceptional cases and is de- 
scribed in detail in a later section. 

5.3 Energy Transfer Requirement and Screening Rule 

The fundamental process in an energy-storage dc-to-dc converter con- 
sists of storing in the form of magnetic energy part of all of the energy to 
be transferred from the supply to the load. Energy is stored in a maonetic 
core during the first portion of a switching cycle and then released to the 
output capacitor and the load during the last portion of the cycle. From 
consideration of the amount of energy required to be transferred during 
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each switchina cycle, and the energy-transferrinq capability of a maonetic 
core when employed in a particular controller-converter configuration, a 
lower-bound condition on the volume of workable cores has been established 
in Chapter IV. The inequality in (5.18) expresses this lower-bound condi- 
tion. 


V > 
total -* 


2(iAV! m,nax 

(W b p/ 


(5.18) 


^total 1S total v °l ume of the core or stack of cores, uis the perme- 
ability of the maonetic material and and B D are, respectively, the 
specified maximum allowable flux-density and the residual flux density in 
the core. aW^ nax is the amount of energy transferred by the core over a 
switching cycle at the particular operating point of input voltaoe and out- 
put power where the energy transfer is a maximum. This point may occur in 
either Mode 1 (continuous mmf mode) or Mode 2. 

Table 5.3 presents the explicit expressions for AW m max to be used 
in conjunction with the lower-bound core-volume condition of (5.18) for the 
twelve controller-converter combinations considered. These expressions are 
developed from Table 4.1, and, for the purpose of this chapter, are somewhat 
different from those given in Table 4.1. For all except the three combina- 
tions TNVU, TNUD, and TN2UD, AW occurs at the desinn point where the 
design procedure requires that the converter operate in Mode 1. Consequent- 
ly, Mode 1 expressions are used to determine aW for these nine cases. 

For the three exceptions listed, TNVU, TNUD, and TN2UD, aW^ mgx occurs at an 
operating point where the converter may operate in either Mode 1 or in Mode 
2. However, Mode 2 expressions, instead of Mode 1 expressions as used in 
Table 4.1, are used to compute aW for these cases, since the maximum 
energy transfer for Mode 2 operation is greater than that required in Mode 1, 
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and (5.18) must be true independent of mode. Appendix H contains a de- 
tailed derivation justifying the need for using the Mode 2 energy relation- 


ship for calculatina aW for these three exceptions. There it is shown 

that for TNVU, this is a natural consequence of the system dynamics. For 

TNUD and TN2UD, the occurrence of AlJ while in Mode 2 is a consequence 
* m,max ■ 

of the imposed design constraint that B D occur at P n and V T . . 
r B,max 0,max I, min 

as discussed in the previous section. 

When several identical cores are stacked before winding, as some- 
times is done to achieve a particular component package shape, the required 
minimum volume of an individual core is defined by 1/ = (1/ . + i)/J, where J 
is the number of cores in the stack. A more useful form of the relationship 
given by (5.18), expressed in terms of volume of a single core, is given by: 


2 a w 

l / . A m.max 

— > 6 A — -v 

y " ~ D ) 2 


(5.19) 


max 

In this expression, the left side of the inequality depends only on the 
parameters 1/ and y of the magnetic core. The right side, defined as the 
quantity 6 will be shown to be a useful parameter in pursuing an orderly 
search for cores which satisfy the energy transfer requirement. This para- , 
meter depends through the relationships for aW^ max given Table 5.3 on the 
converter specifications and on the designer's choice of B max and the value 
of the residual flux density B^. The value of usually is small compared 
to the value of B max specified by the designer and therefore does not affect 
the right side of (5.19) appreciably. How numerical values for the para- 
meter 6, calculated from the expressions in Table 5.1 are used to choose 
the candidate cores capable of transferring the required energy is discussed 
in the following sections. 
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5.4 Special Table of Core Parameters 

The data for generating the special table of core parameters, 

Table 5.4A and 5.4B, are obtained from catalogs of commercially available 
permalloy powder cores. The table is arranoed so that core volume increases 
with downward position in the tables and permeability increases with 
position to the right. Table 5.4A contains data for cores with relative 
permeabilities from 14 through 160, while data for relative permeabilities 
from 173 through 550 are found in Table 5.4B. To distinguish between an 
equation variable such as l//y and the numerical value of (//y associated 
with a particular core, core-parameter values obtained from Table 5.4 are 
identified by enclosino braces as {17/y}. Each distinct core size is assign- 
ed a size number S which appears in the first column of the table. In the 
second column, opposite the core size number S, are listed the core volume 
{1/} (upper number) and the window area {A } (lower number). Four para- 
meters are associated with each core size-permeability combination; a blank 
section is inserted into the table if a particular combination is not of- 
fered by core manufacturers. Beginning with the lower left entry in each 
box of four parameters, these numbers represent, moving clockwise: volume 
divided by permeability {V/y}; mean magnetic path lenath divided by perme- 
ability U/y}; inductance divided by the square of the number of turns 
2 

{ L/N }; and the mean magnetic path length divided by the product of the 

permeability and the window area of the core U/yA ). 

wn 

From the relationship in (5.19) which must be satisfied, it can be 
seen that one may locate a boundary separating those cores capable of irans- 
ferrino the eneroy required by the converter specifications from those 
which cannot do so. Because of the arrangement of the parameters in the 
table, the boundary which separates the two reoions will be diagonal-like, 
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running from the upper-left part downward toward the lower- right part. The 
dividing line, above which cores immediately may be eliminated from further 
consideration, is found by using the value of 6 calculated from the ap- 
propriate expression (1), (3) or (5) and comparing it to the values of core 
parameter {(//u> listed in the table which satisfy inequality (5.19). The 
remaining three parameters in each box in Table 5.4 are provided for com- 
puting other design quantities such as number of turns, windinci wire size, 
and winding factor. In a subsequent section, the use of Tables 5.1, 5.2 and 

5.4 to design practical energy-storage reactors and transformers will be 
described. 

5.5 Procedure for Identifying Windable Cores 

The prediction of windability through computation of the winding 
factor F w is as important in obtaining a workable design as is the determi- 
nation of turns and wire size. Although it is defined in many different 
ways for different applications, for the purpose of this dissertation, F w is 
defined as NA wr /{ A wn } for single-winding converters and as (N p A wr p + NsA wr s ) 
/ { A w n> for two-winding converters, where A wr is the cross-sectional area of 

the wire with its insultation and {A} is the window area of the core. Ob- 

wn 

viously, the winding factor cannot be computed until both turns and wire 
area are found for a given core. In this section, a method for identifying 
windable cores, based on an initial trial design, is developed. For single- 
winding converters, by using (7,VU), (7,CU), or (7,UD) and the definition of 
winding factor, an expression is obtained for the ratio of the winding 
factors for two trial designs using different cores but for the same conver- 
ter specifications and for the same choice of B max . 
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w t l _ 


U/yA wn } 1 


A wr,l 

UA,A wn } 2 

1 

1+ ^ 1 { l//p > 2 

A wr,2 


5.20) 


where subscript 1 is used to indicate the parameters associated with the 
initial trial design and subscript 2 with the second trial design. Assuming, 
as is often the case, that the windina wire size does not change with a 
change in core, then for the same specifications, (5.20) can be arranged as 


U/vA Wn } 2 

1+ /l ~ 


{<l / pA wn } 1 

1 _ 


(5.21) 


It can be seen from (5.21) that the windina factor of the second 

trial core can be determined from knowledge of the winding factor and core 

parameters of the initial design and the parameters of the second trial 

core. Whether core 2 is windable or not depends on the relative magnitude 

of F 0 with respect to the maximum allowable windina factor F l( If 

w,2 r w,max 

F,, 0 1 F m . then core 2 is windable; otherwise it is not. These two 
w,2 = w,max* 

cases— windable versus non-windable— wil 1 be discussed later separately. 

Identification of windable or non-windable cores from an initial 
trial design is not quite as easily accomplished in the case of two-winding 
converters (2UD), especially with a constant on-time controller (TN2UD). 

The ratio of the winding factors for two trial designs to meet the same 
specifications and for the same choice of B max is given by the expression: 
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U/wA 


wn 


w,l 


vK 


1 g 

TZ7u7 


A 


wr 


Cn A wr,s,l] 


Fw>2 


(5.22) 


If the assumption is made that neither the primary nor the secondary wire 
size changes between the first and second trial designs, then equation (5.22) 
reduces to expression (5.21) obtained for the three si no 1 e-winding conver- 
ters. A slight additional complication exists in applyino (5.21) to the 
constant on-time two-winding (TN2UD) converter because of the uncertainty 
expressed in (4P,2UD) and (4S,2UD) cn whether the maximum values of Ip e a nd 
I Se occur at Vj m .j n or Vj max . In the case of the other two controllers FQ 
and TF, this uncertainty does not exist so there is no possibility that the 
maximum current values may chance from occurrino at V T for the initial 
trial design to V T mav for the second trail design, or vice versa. Althounh 
not precisely correct, experience indicates (5.21) still can serve as a use- 
ful guide for identifying windable cores in the case of the TN2UD converter 
and will be employed for this purpose in the procedure to be described sub- 
sequently. 

It is thus seen from (5.21) that the windino factor of the second 
trial core can be computed from knowledge of the winding factor and core 
parameters of the initial design and the parameters of the second trial core. 
Whether core 2 is windable or not depends on the relative magnitude of F w 2 
with respect to a specified maximum allowable winding factor F 


w.max 


If 


F 0 <_ F _ av , then core 2 is windable! otherwise it is not. These two 

VV f c, WfinrtX 

cases now will be discussed separately. 


5.5.1 Hindable Cores 


For core 2 to be windable, F w 2 = max’ ^ S1n ^ this inequality and 
(5.21) leads to (5.23) 


U/pA wn } 2 = U/y/ Wl ' F 


w,max 


v 


1 + / 1 - 


W/y }■ 


W,1 


1+ 


7 u 


(5.23) 


y >« 


Incorporatino the fact that [1+ / 1- c/{V /u > g] 4 2, yields (5.24), 


U/|jA wn } 2 - n - 1 {l/uA wn } l ' ’ 1+ /’' W7? 

W 9 I L ’ 


(5.24) 


which is a useful, but often overly conservative requirement on {s,/yA } 
for the second trial core to be windable. The parameter n, defined as the 
ripht side of (5.24), will be used in the design procedure in the identifi- 
cation of windable cores. 


5.5.2 Non-windable Cores 

If F 0 > F imav , core 2 will not be windable. Usinn (21) under 

w | l W $ni uX 

this condition leads to (25). 


1 + 


U/uA wn } 2 > > A max 


7" 1 ' (U/y > 


W,1 


It 




(5.25) 
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Incorporating the fact that .[1+^/ l-c/UZ/y^] >, 1 leads to (5.26), where the 
right side is seen to be equal to 2n. 

F. 


UAjA wn } 2 > UAiA wn } V F 


w. 


w, 


f i -[ i+ 7 1 - ¥fer] =2n {5 - 26) 


Followino an initial trial desicin, windable cores can be readily 
identified from the large number of candidate cores that meet the enerny- 


transfer requirement by use of the above relationships. In the following 
section, the step-by-step procedure for identifying windable cores is pre- 
sented. 


5.6 Design Procedures for Single-Winding and Two-Winding Converters 

Using Tables 5.1, 5.2 and 5.4, a general procedure for designing 
energy-storage reactors and transformers is now presented. The specifica- 
tions for single-winding converter configurations which are considered in 
this procedure are V Q , V, >min , V,^, P 0>max , V D . V q . B max> B R> F^, 
and the controller-converter type with the appropriate controller time para- 
meter T, t , or t For two-winding converters, the specifications in- 
clude all those above for the single-winding configurations plus an addi- 
tional performance or design constraint. 

Having decided, from consideration of the overall system and envir- 
onmental requirements, on a particular combination of controller and con- 
verter to be implemented, the first step in the design procedure is to 
identify which one of the four parts of Table 5.1 is applicable. In what 
follows, if the converter to be designed is a two-winding voltage step-up/ 
current step-up configuration, then, for example, when the procedure calls 
for the computation of the number of turns N using equation (7), it is 
understood that equations (7P) and (7S) are both to be used to calculate, 
respectively, the number of turns on the primary winding N p and the number 


of secondary turns N<.. 

A. Identify Converter Configuration and Associated Table 5.1 Equations 
For the three single-winding converters, choose Table 5.1 -A, 5.1-B, or 
5.1 -C, then go to step B. For the two -winding converter, identify the 
desired option A,B,C,D,E,H, or J and calculate the turns ratio y from 
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the associated option constraint equation in Table 5.2 and use Table 
5.1-D. 

B. Identify Candidate Cores Capable of Transferring Required Energy per Cycle 

1. Choose number of cores J to be stacked and calculate x, and 6 from 
(1), (3) or (5), according to the controller type. 

2. Identify the cores in Table 5.4 satisfying (5.19); these cores be- 

come candidates for further consideration. To highlight the dividino 
line between possibly usable and unusable cores, one may wish for 
each relative-permeability column in Table 5.4 to draw a line above 
the parameter box corresponded to the smallest core size which just 
satisfies the condition {i//y> ;> <$. Cores below this staircase-like 

line are candidates for further consideration. 

C. Determine the Number of Turns and Inductance 

1. Select a particular core size and relative permeability, according 
to the designer's preference from the array of candidate cores ob- 
tained in step B. 

2. Compute inductance L = (L/N }JN usino parameter (L/N } from Table 
5.4 for the chosen core, J for the number of cores in the stack, and 

the value of N obtained in step C-2. 

D . Determine Wire Size 

Compute maximum rms winding current using (2), (4) or (6). Using 
the maximum allowable current density specified by the designer, de- 
termine the required wire size and cross-sectional area from a wire 
table. 

E. Check winding Factor F w to Determine Windability 

Compute winding factor F^ using (A wn ) from Table 5.4. If 
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F w ,< F w max » trial core meets the specifications and the design is 
completed for all configurations but TNUD and TN2UD. For TNUD and 
TN2UD, go to step G. For all configurations, if F w > F w maX of if 
designer wishes to try another core, go to step F. 

Identification of Windable Core 

1. As the first step in identifying a new trial core, compute n from 
(5.27) using the value of c from step B-l and the initial trial 
values F w -j , U/yA wn >i anc * where the subscript 1 stands for 

the values used for the first trial core. 


nfer ] (6 - 27) 

2. Cores which satisfy (5.28) are windable. 

U/y A wn }< n (5.28) 

Those which do not satisfy (5.28) may be eliminated from further 
consideration if they fail to satisfy (5.29) 


U/uA wn ><2n (5.29) 

Cores which satisfy (5.29) are windable if they satisfy the more 
exacting inequality (5,30) 


3. 


U/uA^J 


V 


1 - 






2n 


(5.30) 


If a windable core is not found in step E-2, increase the number of 
cores in the stack by one and go to step B-l. If a windable core 
is obtained, compute turns and inductance using steps C-2 and C-3. 
For TNUD and TN2UD, go to step G; for all other configurations, go 


to step F-4. 
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4. Using step D, obtain wire size, which will nearly always be the 

initially computed size; if it is no larger than the initial size, 

the design is completed. If it is laroer and the new windinct factor 

exceeds F lf m . or if the desicmer wishes to try another core, ao to 
w,max “ J 

step F-2. 


G. 


Check for B R < B mav for TNUD and TN2UD 
B,max max 

1. Using the windable core obtained from step 3 or from step F 4 compute 
the number of turns N' using (5.31) for TNUD, or (5.32) for TN2UD. 

, _ V o( V Kmax- V Q^ B max“ B R) 


N* - 


2p —nj — --•{ it/y }• 

0,max I,max + ^o + ^D‘^Q^ 


^iWVVV 



(5.31) 


N 


, . V'WVtW^ 

P " ^oJ X LrW Iimax -V Q i+WJ 


•U/v>- 



1- 


^^ V I,max- V Q) +V 0 +V D^ 


(5.32) 


2. If the value of N' (or N p ) exceeds the value of N for TNUD (or N p 
for TN2UD) from step C-2,then N (or N p ) is to be used and the de- 
sign is completed. The flux density in cores which fail this test 
will exceed the specified value B max at the operating point Pq = 

P n and V T = V T . If this test is failed or if the desicmer 

0,max I I, max 

wishes to try another core, and this step was reached by going di- 
rectly from step E to step G, then go to step F-l and continue. If 
the core under consideration was obtained from the procedure of 
step F, go to step F-2 and select a new windable core using the 
original value of n. 
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5.7 Design Examples 

Four examples are given in this section which illustrate the proce- 
dure for designing energy-storage reactors and transformers for various con- 
troller-converter combinations. Example 1 considers a current step-up con- 

»* 

verter with a constant-frequency controller. In Example 2, the reactor for 
a constant on-time voltage step-up configuration is designed. Example 3 
illustrates a two-windino converter core design for use with a constant-fre- 
quency controller. Example 4 considers a voltage step-up/current step-up 
converter with constant on-time controller. 

Example 1 

Design the inductor for a current step-up converter with a constant- 
frequency controller (FQCU) with T = 100 microseconds. The remaining speci- 
fications are: V Q - 15 V; = 20 V; = 28 V; P 0>max - 40 H; V Q = 

0.5 V; Vp - 0.7 V; B max = 0.35 T; B R = 0.01 T; F w>max = O.4. 

A. Use Table 5.1-B 

B. 1. Choose J = 1. Using (l,CU), 5 = 6 = 3.21x1 O'" 2 

C. 1. Select core size S = 18 with y r = 60, with parameters {l//y} = 5.39 x 

10“ 2 , U/y} = 1.19xl0 3 , {L/N 2 } = 3.82X10" 8 , U/yA } = 2.97xl0 6 , and 

wn 

{A wn } = 4.0X10-V. 

2. Using (7,CU), N = 124 

2 

3. Using parameter {L/N > and N found in step C-2, L = 0.59 mH. 

D. Using (2,CU), I Xejmax = 2.67 A; on the basis of 5. 0671x10" 7 m 2 /A (1000 

circular mils/A), the wire size is AWG 15 with wire area A wr =1.836x 
10" 8 m 2 (3624 circular mils). 

E. Usinci N and A wr from steps C-2 and 0 and parameter {.A } = 4.0xl0‘V 

(2.78xl0 8 circular mils) , F w - 0.57 > F w max and the core is not 
windable. 
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F. 1. Using (5.27) n = 1.71xl0 6 ; 2n = 3.42xl0 6 . 

2. Select trial core size S = 21 with u r = 125, with parameters { t//y } = 

3.49xl0‘ 2 , {4/(1} = 5.19xl0 2 , {t/N 2 } = 1.30x1 O' 7 , U/uA^,} = 1.77xl0 6 , 

-4 2 

and { A v/n } = 2.93x10 m . The value of parameter U/yA wn } does not 
satisfy (28) but does satisfy (29) and yields for the left side 
of (30) 2.27 x 10 which is less than 2n and so is windable. 

C. 2. Usinu (7,CU), N = 42. 

3. Using {L/N 2 } = 1.30xl0~ 7 , L = 0.23 mH. 

D. Using (2,CU), I» = 2.8 A. The wire size is unchanaed (AWG 15). 

AG ,maX 

E. Usino N = 42, A wr = 1.836xl0~ 6 m 2 and for the new trial core {A wn ) = 

-4 2 

2.93x10 m , F w = 0.26 < F w mgx and the core is windable, as pre- 
dicted in step F. 

The pertinent information concerning the core chosen as the second 
candidate includes the followino: core size S = 21; - 125; N = 42; L = 

0.23 mH; maximum rms inductor current I Vo = 2.8 A; wire size AWG 15; 

AS jiTIqX 

winding factor F = 0.26, which is less than the allowable maximum and the 
core i s windable. 

Example 2 

Design the energy- storage inductor for a constant on-time voltage 
step-up controller-converter combination with transistor on-time t - 20 
microseconds. The remaining specifications are; Vq = 30 V; Vj m ^ n = 8 V; 

Vax ' 22 V ’ P 0,max = 30 W - V Q = °’ 5 V > V D = °- 7 V 5 B n,ax ‘ °' 35 Ti B R = 

°* 03 T ’ and F w,max = °' 4 ' 

A. Use Table 5. 1-A 

B. 1. Choose J=l. Using (3,VU), ? = 1.04xl0" 2 , h = 2.87, 6 = 1.80xl0' 2 . 

C. 1. Select core'size S = 16 with = 60, with parameters {t//y> = 2.49x 

10‘ 2 ; { 4/p } = 7.52xl0 2 ; {L/N 2 } = 4.40xl0' 8 ; U/yA^} » 5.34xl0 6 ; 


2. Using (7,VU), N = 56. 

3. L - 0.138 mH. 


D. 

E. 

F. 


Using (4,VU), I Vo = 4.04 A; on the basis of 5. 0671x10” V/A (1000 

A G jlTl wX 

circular mils/A), the wire size is AWG 14 with wire area A wr =2.29 

xlO“V (4529 circular mils). 

F,. = 0.91 > F and the core is not windable. 
w w»max 

1. Using (5.27), n= 2.07 x 10 6 . 

2. Select trial core size S = 18 with ti r = 125, with parameters {l//y} 

= 2.59xl0“ 2 ; U/y} = 5.70xl0 2 ; {L/N 2 } = 7.97xl0“ 8 ; U/yA } = 1.43 

wn 

6 -4 7 

xlO ; and { A } = 4.00x10 m . The parameter U/yA.,„} satisfies 
wn wn 

(28) and so is windable. 


C. 2. Using (7,VU), N = 43. 

3. L = 0.147 mH. 

D. Using (4,VU), Iw = 4.04 A and the wire size is unchanged. 

” AG jiTJaX 

E. F w =0.246 < F w max and the core is windable as predicted in step F. 


The significant quantities resulting from the design procedure are: 
core size S = 18; y r = 125; N = 43; L = 0.147 mH; maximum winding rrrts cur- 
rent I Xe max = 4.04 A; wire size is AWG 14; and winding factor F w = 0.246 
and core is windable. 

Example 3 


Design the transformer for a two-winding voltaae step-up/current 
step-up converter with a constant-frequency controller (FQ2UD) with T=100 
microseconds. The remaining specifications are: Vq = 12 V; Vj . = 10 V; 

V I,max ' 15 V ’ P 0,max = 30 W > V Q * °- 5 V D ' °' 7 V > B n,ax ' °' 35 T ; 


Bn - 0.01 Ts F 


W,max 


= 0.4; and the option constraint of a minimum value 
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for duty cycle a of 0.3. 

A. Using Table 5.2, Ug = 0.3 for option B. From (9), Ng/N p = Yg = 2.04. 

Use Table 5.1-D for remaining relationships. 

B. 1. Choose J = 1. Using (1,2UD), % = 6 = 5.49xl0“ 2 . 

C. 1. Select core size S = 21 with y f = 60, with parameters { tyy} = 7.26x 

TO” 2 ; U/y} = 1.08X10 3 *, {L/N 2 } = 6.22xl0~ 8 ; U/vA^} = 3.69xl0 6 ; 
and {A w } = 2.93xlQ" 4 m 2 . 

2. Using (7P,2UD), N p = 32. 

Using (7S,2U0), Ng = 65. 

3. L p = 0.048 mH. 

D. Using (2P.2UD) and (2S,2UD), I pe = 5.47 A and ' I $e = 3.35 A; on 

the basis of 5.0671x10 m /A (1000 circular mils/A), the primary 

-6 2 

wire size is AWG 12 with wire area A wr p - 3.592x10 m (7088 cir- 
cular mils) and the secondary wire size is AWG 14 with wire area 
A wr S = 2 * 295x1 0“ 8 m 2 (4529 circular mils). 

E* F. , = 0.9 > F.. and the core is not windable 
vi w,max 

F. 1. Using (5.27), n • 1.22x10®. 

2. Select core size S = 26 with y r = 125, with parameter {ji/jiA > - 
1.08x10 which is less than n and should be windable. The other 
parameters are {tyy} = 1.01x10"^; { A/y } = 8.10xl0 2 ; {L/N 2 } = 1 ,54x 
10” 7 ; and {A wn > = 7.52xl0"V. 

C. 2. Using (7P.2UD), N p = 27. 

Using (7S.2UD), N $ = 55. 

3. L p = 0.11 mH. 

D. Using (2P.2UD) and (2S.2UD), Ip e>max = 5.37 A and I Ses{nax = 3.29 A, and 

the wire sizes are unchanged from the previous trial design. 

E. F = 0.3 < F,. mav and the core is windable. 

W WjImQa 
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A review of the quantities associated with the core meeting the con- 
verter specifications follows: core size S « 26; y r = 125; Np = 27; = 55; 

L p = 0.11 mH; Ip ejmax = 5.37 A; I $e>max s 3.29 A; wire sizes are primary 
AWG 12, secondary AWG 14; winding factor = 0.3. 

Example 4 

De. ign the inductor for a voltage step-up/current step-up converter 
with a constant on-time controller (TNUD) for the same converter specifica- 
tions as given in Example 3 of Chapter II: Vg = 15 V; Vj mi - n = 12 V? Vj !T|ax 

3 20 V '- P 0,max ’ 30 W * V Q ' °- S V > V D - °’ 8 V * B max = °‘ 35 T > B R = °‘ 01 T > 

F, , = 0.4 and t = 50 microseconds. 

w,max on 

A. Use Table 5.1-C 

B. 1. Choose J=l. Using (3,UD), s = 4.72xl0' 2 ,h = 1.70,6 = 5.67xl0" 2 . 

C. 1. Select core size S = 21 with y r = 60, with parameter { l//y) = 7.26x 

10' 2 , U/y} = 1.08X10 3 , {L/N 2 } = 6.22xl0“ 8 , U/y A lin } = 3.69xl0 6 , 

wn 

and {A } - 2.93xl0"V. 
wn 

2. Using (7,UD), N = 60 

3. L = 0.22 

D. Using (4,UD), I y ^ mav = 4.8 A; on the basis of 5 .0671x1 0“V/A, the 

A 6 } lil aX 

-6 2 

wire size is AWG 13 with wire area (A, > = 2.87x10 m . 

wr 

E. F, = 0.59 > F,, and the core is not windable 

w w,max 

F. 1. n = 1.99x1 0 6 

2. Select core size S = 25 with y r = 200, with parameter { U/y} = 6.20x 

10' 2 , Ufa} » 4.63X10 2 , {L/N 2 } = 2 . 90x 1 0” 7 , U/^} » 7.57xl0 5 and 

{A } = 6.11xl0" 4 . 
wn 

G. 1. Using (5.31) N* - 24 

2. Using (7,UD), N = 25 > N* . Thus, the flux density will exceed the 
specified value B max at the operating point P Q = Pg ffiax and 
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V T = V T m . and this core is not workable. 

I I, max* 

Select another core with S = 25 , 4 = 125 with { \J/\i } = 9. 92x1 0” 2 , 

U/y} = 7.40xl0 2 , {L/N 2 } = 1.81xl0" 7 , U/yA^} = 1.21xl0 6 , and 

{A wn } = 6 .HX 10 -V 
N' = 56 

N - 46 < N‘. Thus, the flux density will never exceed B ma . and 

m aX 

the design is completed. 

0.22 

A summary of this workable design follows: 

S = 25, u = 125, N = 46, AWG 13, and F = 0.22. 

I w 

5.8 Conclusions 

The new set of design procedures presented in this chapter illu- 
strates a straight-forward method for designing eneroy-storaoe reactors for 
a group of widely-used dc-to-dc converters. The desion procedure is de- 
veloped from analyses of piecewise- linearized circuit models of the various 
controller-converter combinations as described in Chapters II and III. As 
indicated in those chapters, the design relationships developed for calcu- 
lating winding turns and maximum rms reactor currents are valid only when 
each converter operates in Mode 1 at least at the point in its output-power/ 
input-rvoltage operating range where the peak instantaneous value of core 
flux density is encountered. Only in the two cases of the single-winding 
and the two-winding voltages step-up/current step-up converters with con- 
stant on-time controllers does this condition require the additional con- 
straint, not imposed in Chapters II and III, that the maximum of the peak 

flux density occur at P n mav and V T . This mioht result in a desion 
J Q,max I, mm 



which uses a slightly larger core than might be necessary. 

The most important features of the new procedure are the facility 
provided the designer to eliminate from the population of available cores 
those which cannot meet the energy transfer requirement and a method for 
identifying windable cores. These new features, along with a specially 
constructed table of magnetic core parameters, enable the designer to se- 
lect from among the wide selection of powder permalloy cores those which 
meet the design specifications, eliminating the need for repetitive trial 
designs. 


Table 5.1(A) Design Expressions for Single-Winding 
Voltage Step-Up Converter (VU) 


CONTROLLER] 
TYPE 


SINGLE-WINDING VOLTAGE-STEP-UP CONVERTER (VU) 


C = 


. 2TP 0..axiVV V I.min 


and 


« = c 


CONSTANT- 

FREQUENCY: 

(FQ) 


jv o<W b r>‘ 


CONSTANT 

ON-TIME: 


(TN) 


. 'o JWJ n+ 

Xe - max ‘ v O Tv I,min-V 


12 


T V V I ,min" V q^ VV V I .min* 


^O.rnax^VVV 


5 . 2 Vo.inax<V V P-V and 

JV 0<W B R> 2 


6 = C 


h2 


2h - 1 


where h = 

v I,min" v Q 


. Wy¥ v 0> n + 

k* max ' Wffff n 


12 


t on V 0^ V I.min’V < 


LP 0 ,max^ V 0 + VV 


(l.vu) 

( 2 ) 


(3) 


(4) 


CONSTANT 

OFF-TIME: 

(TF) 


= 2t off P 0 .max* VV V I ,min^ V V D~ V and 

J V V I, m in-V< f W D 


S = ( 


(5) 


i - p o.max(yyy / 1+ l 

* e - max ‘ VW¥ J 12 


off v 0< Y i.m- v 0» v 0 4V if v i.rt^r 

r\*w j <«> 


N * , 0 (V l.m1n~ v q )(B max~ B R ) { t, 
2P 0,max' V V D v q^ V 


If 


WuT 


(7) 


ALL TYPES: 
(FQ.TN.TF) 



Table 5.1(B) Design Expressions. for Single-Winding 
Current Step-Up Converter 


CONTROLLER 

TYPE 


SINGLE-WINDING CURRENT STEP-UP CONVERTER (CU) 


CONSTANT 

FREQUENCY: 

(FQ) 


0< V I, ma x +V D-V< B m ax- B R 


V'W 


0 .max' ’ I ,max + ' / D"^Q^ 


6 = c 


CONSTANT 

ON-TIME: 


on 0,max I, max 0 


O' “max R 


6 ■ C 


CONSTANT 

OFF-TIME: 


on’0''I,max“V’V 


_ 2t off P 0.,nax<Vy 
JV o( B m ax- B R> 2 __ 


t . P 0.max L f 1 ["WVVV 

IXe-max- /!♦ T? |~T ^"J 


« * t 


ALL TYPES: V 0 (B max -B R ) r f j 

(FQ.TN.TF) 2 P Q(MX 
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Table 5* 1(C) Design Expressions for Single-Winding 

Voltage Step-Up/Current Step-Up Converter (UD) 


CONTROLLER 

TYPE 


CONSTANT 

FREQUENCY: 

(FQ) 


SINGLE-WINDING VOLTAGE STEP-UP/CURRENT STEP-UP CONVERTER (UD) 


0»rcax\ , -0-/Dl and 

JV'WV 

. P 0 , maX ' V I,!nin + V V J d 



O' I, min Q 


on O' I, min 


0,max v I, min 0 D Q 


_ 2t off P 0>niax^ V I,min' t 'V V D~ V Q^V V D ) 
JV 0< V I,rai n - V Q )(B max- B R> 2 ] 


6 = C 


W V I.min + VVV L 1 t offV V I, m in- V ( ' V V D> 

= n — / <l’ ' — w '"i / I • To* Pn 7 w lii XT? w 


V V I,min' V Q 


17 LP 0, ma x' v I, m in + VV v Q 


















Table 5.1(D) Design Expressions for Two-Winding 

Voltage Step-Up/Current Step-Up Converter (2UD) 


TWO-WINDING VOLTAGE STEP-UP/CURRENT STEP-UP CONVERTER (2UD) 


CONSTANT 

ON-TIME 

(TN) 


CONSTANT 

OFF-TIME 

(TF) 



= 2t on P Q,max^V V D‘ hr ^Lmin' V Q)] and 

J V B max" B R* 


6 = 5 2h - 1 
where h = V I,max‘ V ( 


V I,min" V Q 


I = / P 0»max/ V Q 

x Pe/ v„ (Y+ v~ 


o+vi 2 , i ■ rjv^i 2 ’ 
rVJ 12 L l p J 


V 0 +V D 

vv^VV 


^Pe.max ~ *Pe at ^ P 0»max’ V I 1 min^ or at ^ P 0,max ,V I,max^ * 
whichever is larger 


i =i y* 
se Pe y y(v 0 +v d ) 

^e.max = l Se at ^ P 0,max’ V I ,min^ or at ^ P 0,max’ V I,niax^ 
whichever is larger 



ALL TYPES N p = 
(FQ,TN,TF) 


V 0^ V I > mln~ V Q^ B max“ B R^ 


r tr O,max iYlV I,min _V Q J+ V' , D 
N $ ■ yN p 


$ I 1 



1+J1- 
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Option Descriptions and Design Equations 
Table 5.2 for Two-Winding Voltage Step-Up/Current 
Step-Up Converter • 

























Expressions for AWm # max Tor the Twelve Controller- 
Table 5.3 Converter Combinations. Expressions are for Mode 1 

operation except for those identified by asterisk (*), 
which are for Mode 2 



ORIGINAL PAGE IS 
OF POOR QUALITY 
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Tables of Parameters for Commercially 
Table 5.4(A) Available Powder Permalloy Toroidal 
Magnetic Cores (m=14 ~ ii=160) 



s 

Core 

' Size No. 


W,m 3 

(A^hm 2 


129 


U/ii},m 2 /H {L/n2>,H 


U/uA wn >,l/H 


3,3ft 01 2.24E-08 4,55E 01 2.64E-08 4,|8£ 01 2 f B7E-08 
5.42E-05 2.93E 07 5.46E-05 2.49E 07 9.01E-65 2.29E 07 


5,39E 02 3.94E-09 2,8ft 02 7.32E-0B 1,2BE 02 1 , 69t»08 6 , 00 E Et 3.52E-0B 3,t0E 01 4.14E-08 4.69E 01 4.50E-00 
1.13E-03 1.98E 08 6,086-84 I.07E 08 2.S4E-04 4.63E 07 1.27E-E4 2.22E 07 1.0ft. 04 1.B9E 07 9.B9E-09 1,73E 07 


6.03E 02 4,73E«09 3,24E 02 e,7fE>09 1.4|E 02 2,03E>ee 
1.72E.03 2.0SE 0e 9.25E-C4 1,116 eB 4,018-04 4.80E 07 




3 , 27 E 01 5,41E-68 
l,SeE.04 1 , 60E 07 


7 ,74E 02 e,e8E-e9| 4.17E 02 1.13E-08 1 .SI E 02 2 . 80F-0P 8 , 66E 01 S.42E-0B 7.37E 01 f,3flE-0f B,77E 01 6,94C«0B 
3.84E-03 1,«8E 0E|l,98E-03 I.01E 08 8,486.04 4.42E 074.07E-04 2, [IE 07 3,466-04 1,60E 07 3,1ft. 04 1.69E 07 


7,7SE 02 6.14E.09 4.17E 02 I. HE. 08 l,S|E 02 2,63E*0f 8.68F 01 B.49E.00 7.39E 01 6,491-08 6.78E 01 7,02E-0f 
3 , 69E-03 1.69E 08 1.99E-E3 I ,026 08 f,60E-04 4.40E E7 4,13t-E4 2, HE 07 3.31E.04 1.80E 07 3.23E-04 1.6BE 07 


5,471 02 1.12E-0H 
3.36E.0S 5.93E 07 




7 , 7SE 02 1.1 9E-ee 4.17E 02 2.21E-0B I.81E 02 5.098-00 6,00E; 01 1,066-07 7.38E 01 1.2SE-07 6.7BE ei 1.36E-07 
7.13E.03 2.02E 0fl 3.84E.03 1.09E 08 1.66E.03 4,71E 07 7,986-24 2.2BE 07 S.79E-04 1.92E 07' 6,248-04 1.77E 07 


1.24E 03 6.07E-09 6.67E 02 1.13F-08 2,B9E 02 2,60E>00 l,39E 02 5,426-28 1.18E 02 6,37E>08 1,08E 02 6,94E.0f 
9,32E«03 8,67£ 07 9.02E.03 4,67£ 07 2.17E-03 2.02E 07 1.04E-P3 9,71E 06 8.87E-04 f,26E 06 f,16E-04 7,S9E 06 


1,24E 03 7.63E-09 6.67E »2 1,42E*08 
1.17E-02 0.87E 07 6.31E.03 4.67E 07 






3.22E 03 
1,076-0! 


3.39E 03 
1 ,33E-E1 


B.09E 03 
2.31E-0! 


3,618 03 
2.36E-01 


-09 8.42E 02 
07 7.66E-03 


-09 9, B BE 02 
07 1.09E-07 


-09 1.26E 03 
07 2, 42E-P2 


-09 1.29E 03 
07 2.99E-02 


-09 1.B6E 83 
07 3.S2E-E2 


■08 l,74E 03 
07 3,74E-E2 


1 .eflE-08 
3.13E 07 


1.19E-08 
2.49E 07 


1 . 93E-0 8 
1.77E 07 


1 , BE E-08 

2.02E 07 


1 .45E-0S 
1.36E 07 


I , 91E-08 
1.23E 07 


3,6SE 02 2.49E-28 1.79E 02 9,23E-08 1.49E 02 e.llE-08 
3.32E-03 1 , 3AE 07 1,59E«03 6.S2E 06 1,358-03 S,84E 06 


4. HE 02 2.7SE-08 1 ,99E 02 8,746-08 
4 j 72E-03 I.08E 07 2,26t-03 9.19E 08 


I B t l fa^Bt l B iffl bmWHB 1 11 


S.4BE 02 3,B2f .08 2.62E 02 7.34E-08 2.22E 02 e,63E-08 2,04£ 02 9.39E-08 
1 , 036-02 7.69E 06 5,02E.e3 3.67E 06 4.27E-03 3,12E 06 3.92E-33 2,B7E 06 


2 , 28E 02 1.02E-07 
B.29E-03 3.S7E 06 


2.76E 02 I.20E-0B 2, BSE 02 fi,93E-0f 
6 ,236.03 2 ,4 IE 06 9.72E-E3 2,21E 06 


7 , S2E 02 4, 406-20 3.61E 02 9,178-01 3,07E 02 t,08E-97 2,62f 02 1,178-07 
2.49E.02 9,34 F 06 1.19E-22 2.57E 06 1.02E.02 2,18E 0.6 9.33E-03 2,00E 06 


iBa #c»gi i BiiB.tittMtl{ l l 




3 , 79E 02 1 , E4E-07 3.23E 02 1.22E-07 2,966 02 1.33E-07 
I.49E.B2 2.S8E 06 1.27E.02 2.20E 06 1,168-02 2.02E 06 


-09 2,74E 03 
07 1.24E-E1 


•06 1.94E 03 
07 1.27E-01 


1.66E.08 
e.etE 06 


3.37E-08 
1.2BE 07 


1.19E 03 3,82E.ee S.70E 02 7.97E-09 
9,396-02 2.97E 06 2,99E.02 1.43E 06 







9.10E 03 1.33E-e3 2.75E 03 2.47E-08 
3 , 4 6E-0 1 1.40E 07 I.66E.01 7.54E 06 


9, 99E 03 1 ,926-08 3.01E 03 3.96E-06 
6.00E-01 1 ,31 E 07 3.23E-01 7.0SE 06 




6 , 42E 02 7.77F-08 4.04E e2 1.62E-07 3.44E 02 l,9#E-07 3.16E 02 2.07E-07 
9 , 91 E-02 9.40E 06 2,646-02 2.99E 06 2.29E-02 2.20E 06 2,078-02 2,02t 06 


S,26E 02 1.03E-07 4,49C 02 1,228-07 
2,696-02 1.80E 06 2,43E-02 1,936 06 


1 ,08E 03 6.22E-08 5.19E 02 1.30E-07 4,4|E 02 1,528-07 4.09E 02 I.66E-07 
7.26E-02 3.69E 06 3.49E-E2 1.77E 06 2.B6E.02 1,516 06 2,72E-02 1,3»E 06 


1.10E 03 6,32F-08 
7.66E-02 3.75E 06 



2.146-05 
4.27E-04 

00 3,54E-05 
1,826-03 

30 7,26E-05 
2,636-03 

31 6.90E-09 
2,438-33 

32 1,778-04 
4,008-03 


6,108 03 3,268-08 3,29E 03 6.05E-0B 
1 , 2 1 E 00 I.43E 07 6,546-01 7 .70E 06 

1 , 1 4E 04 1,568-08 6.12E 03 
2, fit 30 6,238 06 1 ,00E 00 

7,65E 03 3.808.08 
2 .23E 00 3 , 1 BE 06 


11,098 04 2,038-00 1.028 04 5,268-00 
11.018 01 4,058 06 5,438 *0 2.108 06 


1 , 19E 03 9.69E-08 
6 ,086-02 3.27E 06 

5.72E 02 1.19E-07 
3,886-02 1.57E 06 

1.31E 03 8,216-08 
1.40E-0I 3.06E 06 

6,26E 02 1,718-07 
6.72E-02 1 ,47E 06 

1.54E 03 8.69E-98 
2,07Ei01 2.S2E 06 

7,40 E 02 1.B1E-07 
9,926-02 1,218 08 

1,698 03 7,41 E-08 
2, 1 IE-01 2.2BE 06 

8.10E 02 1 ,546-07 
1,01 E-P 1 1,088 06 

1.90E 03 7.618-08 
2,748-01 2,006 06 

9, 1 0E 02 1.99E-07 
1 , 3 1 E-0 1 9,608 05 

1.42E 03 1.40E-07 
2,836-01 3.34E 06 

6,04E 02 2 , 91 E-07 
1,366-01 1,608 06 

2.65E 03 6.67E-08 
4,706-01 1,458 08 

I.27E 03 1,398-07 
2,236-01 0,988 05 



ggggggggggs 

SjSwjSSff 


7, 11E 92 2,038-07 
1,038-01 7,50E 05 


3,328 03 1,078-07 
1,108 00 1,368 06 

1,598 03 2.24E-07 
9,678-01 6,548 09 

4,408 03 1,218-07 
2,358 00 9,458 05 

2,118 03 2.53E-07 
1,138 00 4,538 09 




























































































































































Table 5.4(B) 
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Tables of Parameters for Commercially 
Available Powder Permalloy Toroidal 
Magnetic Cores (y=173 ~ y=550) 


S {V},m3 {£/ M },m2/H {L/N Z },H 

Core 

Size No. {A^hm 2 U'/y}.mVH U/uA^hl/H 



j.iatt-ae 
1 ,826-06 


J ,996-00 
2.70E-05 


3.82E-08 

2,936-06 


6.4PE-08 

4 . 106-06 


6.49E-P8 

4,106-06 


1,106-07 

9,226-06 


1 ,256-07 
3,646-06 


1 ,64E-07 
1 , 43E-03 


2,066-07 

1,436-05 


2,386-07 

1,646-05 


2,506-07 

2,696-05 


3,566-07 

3,83E-05 


7,896-07 

7,126.05 


9,776-07 
6 ,366*05 


1,156-06 

1,146-04 


1,886-96 

1,416-04 


2,346*06 

1,476-04 


4,066.06 

4,00E-04 


4,156-06 

1,566-04 


4,536-06 
2 ,946-04 


5,786-96 

2,946-04 


6,096-06 

3,846-04 


1,056-05 

4,276-84 


1,566.05 

6,116-04 


1,596-99 

7,526-94 


9,066*05 

9,466-84 


2,146-08 

4,276-94 


3,546-98 

1,826-83 


7,286-05 

2,436-03 


0,906-95 

2,436-03 


1,776-84 

4,006-83 


3,866 01 3.116-08 3.34E 01 3.59E-08 2,676 01 4,496-08 
4 ,646—05 2.12E 07 4.016-05 1 ,836 07 3,216-05 1 ,476 07 


4,336 01 4 , 8 7E-08 3,756 01 5,636-08 3, 006 01 7,e46-08 2,506 01 8,446-08 
9,146-05 1,606 07 7.916-05 1,396 07 6,336-05 1,116 87 5,276-05 9,256 06 


4,886 01 5,056-08 4,226 01 6,766-08 3,376 01 8.456-08 2,816 01 1,016-07 2,416 91 l,t6E-07 
1,396-04 1,666 87 1,206-04 1,446 87 9,626-08 1.15E 07 B,01E.05 9.606 06 6,876-05 6,236 06 





3,616 01 1 ,306-07 
1,716.04 8,606 06 


1,976 01 2,396-07 
9,266-05 4,806 06 


0,276 01 7,596-08 5.426 01 8,7eE-08 4.34E 01 1,106-07 3,626 81 1,326-07 3.10E 01 1.54E-07 1,976 01 2,416-07 
2,986-04 1 .536 07 2,586-04 1 ,326 07 2,276-04 l.PSE 07 1,726-04 a , 8 1 E 08 1 ,486-04 7.55E 36 9.39E-0S 4,806 06 


6.27E 81 1.476-07 
5,776-04 1,63c 07 


1.006 02 7,506-08 8.676 01 8,67E-88 
7,546-04 7.026 06 6.S2E-04 6.07E 06 


4,746 01 l , 30E-07 4,086 01 1.51E-87 2,596 01 2.38E-07 
2,926.94- 5,14£ 0« 2,586-04 4,416 05 1,596-04 2,80E 06 


3 ,62 E 01 2.54E-07 3,106 01 2,976-07 1,976 01 4,676-07 
3,336-04 9,436 06 2.85E.04 8.08E 06 1,316-04 5,146 06 


5.70E 01 |,30E-07 
4,356-04 4.056 06 


3.15E 01 2,386-07 
2,376-04 2,216 06 


1,006 02 9.42E-08 8.676 01 1.056-07 6,946 01 1.36F-B7 5,786 01 1.636-07 4,986 01 1,916-37 3,166 81 3.90E-07 
9,486-04 7,026 06 8,206-04 8,076 66 6,566-04 4,(66 06 3,466-04 4,056 06 4,886-04 1,476 06 2,96E«04 2,21E 06 


1,096 02 9,136-fB 9.47E 01 1.06E-07 7,58E 01 1 , 326-8 7 6. ,3 1 6 21 1,586-07 5,416 01 1,856-07 3,446 01 2.90E-0? 
1,096-03 6.676 06 9,476-04 3.776 06 7,586-04 4,6}6 86 6,316-04 3,656 06 3.41E-04 3,306 36 3,446-04 2,136 06 


1,266 82 7,196-98 1,096 02 1,326-08 
1 , 1 56-03 4 , 7 1 E 06 9,966-04 4,076 06 


1,446 82 7,946-68 1.246 82 9.I8E-90 
1,646-03 3.7SE 08 1.42E-03 3.246 06 



8,256 01 1,466-07 
5,696-04 2,336 36 


7.09E 01 1,616-07 4,516 0} 2,536-07 
0,096-04 1,656 06 5,156-04 1,186 06 


1,806 82 1,026-07 1,646 02 1,176-07 1,316 02 1,476-07 1,096 92 1,766-07 9.34E 01 2.05E-07 5,966 81 3.23E-87 
3,636-03 2.656 08 3.146-03 2.326 06 2,516-03 1.64E 062,096-03 1,536 06 1,796-03 1,316 06 1,146.03 6,356 05 


!,94E 02 1,286-07 1,686 02 1.386-07 1,346 02 1,736-07 1,126 02 2.086-07 9,576 81 2,426-87 
4,406-03 3,836 86 3.80E.03 2.626 06 3,116-83 2.10E 062,596-03 t,75E 06 2,226-03 1,506 06 


2,346 02 9,656-88 2.03E 02 1.126*07 1.82E 02 1,396-07 1,356 02 1,676-07 1,166 02 1,956-07 7,366 01 3,876-07 
5 , 29E-03 2,856 86 4.586-03 1.776 86 3,866-83 1.42E 86 3,856-03 |,UE 06 2,626-03 1,816 86 1,666-03 6,446 05 


2,616 02 1.27E-07 2. 266 02 1,476-07 1,806 02 1,836-07 1,506 02 2,206-07 1,296 02 2,576-07 B.20E 01 4.03E-07 
6,636-03 1.856 06 7,476*03 1.6PE 06 5. 976-03 1,286 06 4,986-83 1,076 06 4,276-03 9,166 05 2,726-03 5,836 05 


2,746 02 1,436-07 2,376 02 1,666-07 
1,086-02 1 ,876 06 9.32E-03 1.61E 06 




1,366 02 2,986-07 
5,336-03 9,226 05 


4,126 02 1,106-07 3,566 02 1.27E-87 2,856 82 1 .59E-07 2.37E 02 1,916-87 2,836 82 2,236-07 1,296 82 3.81E-07 
1,876-82 1.836 06 | ,626-02 8.91E 05 1,296-92 7,13E 15 1,086-02 5,946 05 9,246-03 S,99E 05 5,886-03 3,246 05 


1,606 02 3.88E-87 1,446 82 4,536-07 9,196 01 7,126-87 
1,106-62 1,086 66 9,446-83 9,256 05 6,016-03 5,696 05 



2,926 02 2,246-07 2,536 02 2,596-07 
1,916-02 1,676 06 1.656*02 1.62E 06 


3,826 02 1 ,436-07 3.39E 02 1.6*6-07 
2.08E-02 1.386 06 l,00E-e2 1,126 06 


3,756 92 1,796-07 3,246 02 2.076-07 2,596 02 2. 596-67 2; 1 66 82 3,116-87 1,656 82 3,836-07 1,106 82 5,706-87 
2.52E-92 1.286 00 2,186-02 1.116 08 1,746-02 8.866 05 1,486-82 7.39E 85 1,256-82 4,336 05 7,926-03 4,036 08 


4,136 82 1.64E-07 3.576 02 1,906-07 2,866 92 2.376-07 2.36E 82 I, BSE. (7 2,846 02 3,326-87 1,306 02 5,226-87 
2,806-02 1.13E 06 2,426-02 9.016 85 1,946-0? 7.646 65 1,626-02 6,546 85 1,386-82 5,606 05 8,816-03 3.578 05 


4,336 82 2 , 37E-67 3.92E 02 2.746-07 3.136 02 3,426-072,616 82 4,116-67 2,246 92 4.796-87 1,428 02 7,536*87 
4,856402 1,086 96 4.206-02 9,176 05 3,366*02 7.346 052,816-12 6,118 85 2,408-82 5.248 05 1,538-92 3,336 85 


5,356 02 2,506-87 4,636 62 2.906-07 3,786 92 3,826-673,086 02 4,346-87 2,846 62 8, 076-87 
7,176-02 8.756 85 6,266-02 7,576 05 4,966-82 6.066 95 4,136-02 5,058 05 3.844.02 4,1)6 05 


9,168 02 2, 1 4E-07 5.076 02 2,476-07 4.05E 02 3,098-073,306 82 3,788>B7 2,696 62 4,328-97 
7,336-02 7,796 05 6,346-82 8.746 85 8,876-82 5.396 054,236-02 4,496 85 3,628-02 3,086 05 


8,888 02 .2,206-07 5,696 02 2,846-07 4,558 02 3.178-07 
9,508-02 6.946 05 6,226-02 6.006 05 8,576-02 4,816 05 


— 


3,256 96’ 4,446-17 
4,896-03 3.436 95 


1,946 12 4,136-07 4,276 02 4.866-07 3,426 02 5,826-072,836 82 6,996-17 2,446 62 0.15E-07 
7,836-92 1.18E 06 0,506-82 1,0*6 06 0,806-02 0.(16 05 5,076-02 0,876 88 4,866-02 0,726 05 


9.296 02 1,926-07 7.766 0? 2,266-07 
1.63E-01 5,046 05 1,376-01 4.26E 05 


1,156 >3 3,306-07 9,956 02 3.066-67 
4,096-91 4,736 09 3,546-91 4.09E 05 


1,536 03 3,596-07 1,326 03 4,046-17 
9, 136*91 3,266 IS 7,956-81 2,636 09 












































































































































































Chapter VI 


CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 


6.1 Conclusions 

The research reported in this dissertation provides the designer 
with useful analytical guidance and practically usable procedures for 
designing the energy-storage reactors for a group of widely used dc-to-dc 
converters. Two methodical approaches are presented which eliminate the 
conventional cut-and-try design process. One of the approaches is based 
on time-domain analyses of the converter circuits, and is well -suited to 
computer-aided design procedures. The other approach is based on the 
energy transfer equations for the reactor and it depends on a specially 
constructed table of magnetic core characteristics. The design calcu- 
lations of the latter method are easily made on an electronic pocket 
calculator. 

-Chapters II and III present steady-state time-domain analyses of 
the converters which lead to the relationships and procedures for designing 
the energy-storage reactors for twelve controller-converter combinations. 
The design relationships are presented in tabular format so that they can 
be readily used to design practical energy-storage reactors for the various 
converters. The design procedures have been automated in digital computer 

programs to demonstrate the feasibility of computer-aided design of such 
reactors. The presence of two windings on the reactor of the two-winding 
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converter configuration described in Chapter III provides an additional 
design freedom which is not available in single-winding converters. By 
utilizing this extra freedom, ten design options are developed to permit 
customized design of this configuration with respect to particular perform- 
ance characteristics. 

In Chapter IV, the converters are analyzed from an energy point of 
view. This analysis provides new insight into the energy transferring pro- 
cess in the converters and leads to a lower-bound condition on the volume of 
workable reactor cores. Applying this theory to design, use of this lower- 
bound condition leads to a simple and easily used screening rule for select- 
ing candidate cores from the population of available cores. Using the lower- 
bound condition in another mann.er, a comparative evaluation of the various 
controller-converter combinations is presented. The results of this evalua- 
tion provide the designer with information useful in the process of selection 
of a controller-converter unit from among the various possible combinations. 

Making use of the screening rule for workable cores and a specially 
constructed table of core characteristics, Chapter V presents the second 
approach for designing reactors for dc-to-dc converters. The most important 
features of this approach are the straight-forward method for identifying 
workable cores and the simplicity of the design procedures. With several 
relatively simple calculations, a workable core can be selected from the 
special table of core characteristics and the number of turns and the wire 
size can be determined. This approach does not yield as much information 
on the predicted performance of a converter as the time-domain approach does, 
but it does provide the designer with an easy method to quickly reach a 
workable design, and is particularly useful when the design is to be made 
by hand calculations or with a calculator. 
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Although the magnetic cores used in the examples throughout the 
dissertation and the special table of core characteristics provided in 
Chapter V are for powder permalloy cores, the design equations and procedures 
presented are independent of core geometry and magnetic material used and it 
should be possible to extend them to other geometries and materials. It is 
believed that the analytical guidance presented in this dissertation enables 
a better understanding of the converters discussed and the design procedures 
presented can significantly reduce the time and the effort required to design 
the energy-storage reactors in dc-to-dc converters. 

6.2 Suggestions for Future Research 

Two particular areas for future research have suggested themselves 
during the course of this research effort. The first area is concerned 
with a configuration of a type of dc-to-dc converter in which a tapped 
inductor, acting as an autotransformer , serves to store and transfer energy 
in the circuit [12,13]. The circuit operation of this type of converter 
is somewhat similar to that of the two-winding voltage step-up/current 
step-up converter configuration described in this dissertation. It is 
suggested that the design concepts presented here be investigated for 
applicability to the tapped-inductor converter configuration. 

Secondly, in this dissertation, all of the design procedures require 
that the converter must operate in Mode 1 at least at the design operating 
point in the output-power/input-voltage operating range. It recently has 
been reported that the dynamic response of energy-storage converter is 
improved if the converter operates in Mode 2 [14]. It is suggested that 
the advantages and disadvantages of operation of a converter operating 
entirely in Mode 2 be investigated and that an analysis from which design 
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equations and design procedures for an al 1-Mode . 2 converter operation be 
attempted. 



APPENDICES 


APPENDIX A 


LOCATING B B#max AND B A>min FOR THE 
TWELVE CONTROLLER-CONVERTER COMBINATIONS 

The converter Output power and input voltage conditions for which 

B D and B a occur are evaluated for the twelve combinations of con- 
B,max A, min 

verter and controller. The nine single-winding combinations are considered 
in Appendix A-l, where the equation numbers corresponds to those in 
Chapter II. The three two-winding combinations are considered in Appendix 
A-2, where the equation numbers corresponds to those in Chapter III. 

Appendix A-l 

Voltage Step-up Converter with Constant Frequency Controller 

. — r 1 — — 

MODE 1, (12 ,VU ) (1 3 


0 under assumption (5) in Chapter II. 


3B b uN(V 0+ V d -V q ) 

3P 0 ' ~ Wl - V " 

Therefore, Bg increases monotonically with Pq*. 

3B b -unp 0 (v 0 + V D - V Q ) 

= r*- 

*Vo<- V I - V 


T(V 0 + V D - Vj) T(Vj - V„) 

imr- + V-"-T q 7 - 2N' A '{V B - vjj - y • 


( 108 ) 
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The average inductor current 1^ is greater than or equal to half of 
the inductor current excursion [z(Bg - B^)/2yN]: 

P Q V 0 + V D- V Q * T < V I -VqHVq^Vd-V!) 

^0 V I " V “ 2iiN 2 A (V Q + V D - Vg) 
or 

uNP 0 (V 0 + V„ - V Q ) T(Vj - V Q )(V Q+ V D - Vj) 

~ 2H A(5 q “ V, - V Q ) • 

Hence, the sum of the first two terms of the expression for sBg/aVj is zero 

or negative. Therefore, when the third term which is negative is added, 

3B n /3V T is less than zero, and B 0 mav occurs at P n mav and V T : 

B I B,max o,max I, min 

3 B A yN(v Q + v d - Vg) 

5PJ" *VV-r 

Therefore, B A increases monotonically with Pg, and the minimum of B^ with 
respect to Pg occurs at P Q mir} . 

The cubic equation in (13, VU) is obtained by setting 



At the real root (or roots) of the cubic equation, the curve of B^ versus 
Vj on the Pg = Pg m j n plane has a local extremum. Since there are sign 
changes in the coefficients of this cubic equation, there is at least one 
positive real root. But, for the range of Vj _> Vg, 


''ST 




no 


d 2 B 


(39 


2uNP 


P 0 P 0,min 


i«(Va + VV 


0 min v 0 


%(Vj - V Q ) 


+ ft W 0 ¥ v D - V Q ) > °- 

The curve of versus Vj on the Pq = Pg m . n plane is thus concave 

upward for the range of Vj > Vg. Hence, there cannot be more than one 

positive real root for this cubic. Thus, there exists one and only one 

positive real root, say V R , for this cubic, and at this root, has a local 

minimum because of the concavity of B A (V T ) P _ p Therefore, if 

K 0 ” K 0,min. 

V T < Vp < V T mav B fl . occurs at V T = V D . If V D < V T B A 
I,min R I,max, A, min I R R I, min. A, min 

occurs at Vj m - n since B^ must increase monotonically within the input 

voltage range, due to the concavity of B fl (V T ) D D If V D > V T max/ 

A 1 P 0 ' p 0,min' R I,max ’ 

B a min occurs at Vj mgx since B^ must decrease monotonically within the in- 
put voltage range. 


MODE 2, (26, VU) 
9B 


B 


9B 


B 


Apparently, p- > 0; ^<0. Therefore, B B>max occurs at P 0>max and 
^I,min. 

Current Step-Up Converter With Constant Frequency Controller 
MODE 1, (12 ,CU ) ( 1 3 ) 


9 B 


B _ uN 
0 * ¥ 0 


9B B _ T < V 0 + V 

tt r a > 0. 

3V I 2N A ( Vj + Vp - Vg)^ 


Ill 


Therefore, Bg increases monotonically with both P Q and Vj, and Bg mx occurs 


at p n mav V, m . 

0 ,max I ,max 


9B A 3B b 


> 0 


0 or 0 


9B a 8B r 

Wp “ WJ* < °- 


Therefore, B^ increases monotonically with Pq, but decreases monotonically 

with V T , and B fl . occurs at P n and V T m . 

I A,min Q.rnin I, max 

MODE 2, (26, CU) 


9B B 

3P7 


> o 


From (26, CU) 


„ . „ . 2 « Tp o< v i - v o - V< v o + v D ) 

e B - B R S»V 0 (7j + V„ - V Q ) 


■ b r + 


2uTP 0 (V 0 + V 0 ) 

9B r 


'B 


V V ' 


A V 0 ’ V D \ 

l 1 ' WV 


'0 ' r D Q 

Apparently, > 0. Therefore B B>max occurs at P 0>ma)( and V^. 


I 

Voltage Step-up/Current Step-up Constant Frequency Controller 
MODE 1 (12, UD) , (13, UD) 


3B B .. » W ( V I * V Vp - V . 




- v 


0. 


Therefore, Bg max occurs at Pq max . By argument similar to that in case 
(12,VU)(13,VU) for OBg/aVj), B B>max occurs at V I>min . 
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9B A 9B b 


^ 9l o 


9 B A _ Pq(Vq + V D ) 

■;*>■■ - v Q )' z 


T(V 0 + V D ) ; 


2N A(Vj + V Q + V D - Vq)' 


< 0, 


Thus, B a increases monotonically with P Q , but decreases monotonically with 

V T , and B fl . occurs at P n and V T 
I A, min 0,mm I, max 


MODE 2, (26, UD) 


3B 


B 


3B r 


^ >0; 


= 0* Therefore, Bg max occurs at Pq max and is independent 


of My 


Voltage Step-up Converter With Constant On-Time Controller 

MODE 1, (16, VU), (17, VU) 

9 Bg uN(V n + V n - V n ) 


0 D V Q' > 


By argument similar to that in case (12, VU) (13, VU) for (3Bg/3Vj), Bg max 
occurs at Vj m ^ n , and from the relationship above must occur at Pq max . 


3B a 9B b 


SFT " w: 


> o 


o 


9B A _ PNPq(Vq + Vp - V Q ) t on _ 
^7 AV 0 (Vj - Vq) 2 ^ 


Therefore, B fl m . occurs at P n and V T 

A, min 0,min I, max 
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MODE 2, (30, VU) 


8 B r 


aB, 


rrj— = 0; r-n- > 0. Therefore, B D occurs at V T and is independent 

o r d V T D jfTlaX i jiTiaX 


of P 0 . 


Current Step-up Converter With Constant On-Time Controller 


MODE 1, (16, CU) (17,CU) 


sB B 8B A uN 


> 0 


3B B . ton 
WK 


> 0 


9B a t 
A _ on n 

- m < 


Thus, B K mav occurs at P n mav and V T m *, B fl occurs at P ft and V T mav . 
B,max 0,max I, max A, min 0,min i,max 

MODE 2, (30, CU) 

8 Bn 8 Bn 

^ = °; 5^ > 0. Thus, B B>max occurs at V I>max and is independent of P„. 


Voltage Step-up/Current Step-up Converter With Constant On-Time Controller 


MODE 1, (16,UD) (17, UD) 


*h + V 0 + V D - V „ 

sV *y v- - v q t * °- 


Therefore, B„ occurs at P n 

B»max 0 ,max 


' 3B b\ 

^ P 0 = P 0,max * V 0< V I - V 


. -» N P 0,max^0 + V , ‘on 
+ m 
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^ NI W v o * V „ 

- v 3 


So, the curve of Bg versus Vj on the Pq = Pq max plane is concave upward, 

and Bg max occurs at one of the extremities of the Vj ramie, i.e. , at 

V T or V T . 

l ,max x ,mi n 


3B a 3Bg 

w: = w: 


> o 


3B a “^ np o (v o + V t 


on 


^ ’ ‘V 0 (Vj - V 


7" m 


< o 


Therefore, B« occurs at P n and V T 

* A, min 0,min l,max 

MODE 2, (30, UD) 


3B 


3B 


3 PT - 3V7 > °- Thus * B B ,max ° ccurs at V I,max and 1s inde P endent of 


V 


Voltage Step-up Converter With Constant Off-Time Controller 


MODE 1, (20, VU) (21.VU) 

3B b uN(V 0 + V 0 -V q ) 

3B b -«NP 0 (V 0 ♦ V D - V 0 ) t on 

,v 0 ( Vi -v q ) b 

Bg increases monotonically with Pq, but decreases monotoni cal ly with Vj. 

Therefore B D max/ occurs at P n and V T m . n . 

B,max 0,max i,min 
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9B A 


aB R 


0. 


Therefore, B fl . occurs at . 

A,rmn 0,mm 



~ uNP 0,min v '0 


in^ft + V n - V n ) 


*V V I - V )' 


""off 

2TOT 



2 » NP oW V 0 + V D ' V 


*V v i - v q)' 


> 0 for Vj > Vg. 

Thus, the curve of versus Vj on the Pq = Pq m * n plane is concave upward. 

The positive root V^, found by solving the quadratic equation ob- 
tained by setting 



gives the location of the local minimum for B^. By argument similar to that 

for (12,VU)(13,VU) concerning the location of B fl . with respect to the in- 

m I n 

put voltage range, if V I>n)in < V R < V I>max . B A>min occurs at Vj = V R . If 

V R < V I,min’ B A,min occurs at V I,min- If V R 5 V I,max’ B A, m in occurs at 
V 

I, max* 

MODE 2, (34, VU) 

From (34, VU) 
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, _ „ , + V D - V I> 

R off v 0 ( v , - Vg ) ^ 


3T R n 
i^ >0 > 



sB 


b ^VV v i ] 


Wo 


> 0 


3 B 


B 


Similarly, ^y- < 0 


2yP 0 (V 0 + V D 

OT7 


v 


] 3T r 

2 T r ^0 


Thus B„ occurs at P n and V T 

d, max o,max I, mm. 


Current Step-up Converter With Constant Off-Time Controller 


MODE 1 , (20, CU) (21.CU) 


3B B_ 3B A_ V H ' 0 

*V° 




3 Bn 3 B« 

aVY = °- 


Therefore* B g mgx occurs at Pq max , and is independent of Vj, and B 
occurs at P Q min , and is independent of Vj. 




A, min 



Mode 2, (34, CU) 
From (34, CU) 

To = t 


* AN p o< v o + V 


R = W jlV^TVj -V 0 -V q )(V i+ V d -V q ) 

. /r . ^an 2 p 0 (v 0+ v d ) T 1 " 

V [ w tojwwJ ' 


'Off 
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[A-l-1] 


9T R 

^o >0 

By argument similar to that for (34,VU), 
3B r 

^ >0, 


9B 


D 

The sign of is undetermined. Thus it can only be concluded that 

Br mav occurs at P n mav . 
o,max 0,max 


Voltage Step-up/Current Step-up Converter with Constant Off -Time Controller 
Mode 1 (20, UD), (21 ,UD) 

3B b 9B a un(v i+ v 0+ v 0 -v q ) ■ ■ 

-TW^t >0 

9B b 3B a -yNP 0 (v 0 + v D ) m 

"TV « 0 (V I -V Q ) 2 0 

Thus, B D occurs at P n and V T and B A occurs at P n and 
■ B,max 0,max I, min A, min 0,min 

^l,max* 


Mode 2 
From (34, UD) 


T R = + 


tyv^7~ 


t , 7 - tl 

off tv 0 (v r v Q ) 2 


Off 


+ 
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3T R „ . 3T R 


> 0 *» < 0 
0 9V I 


9 B p 9Bg 

Thus gp — > 0 and ^ — < 0 


Therefore, B B>max occurs at P Q>max and V Ijmin . 


Appendix A-2 

Two-Winding Voltage Step-up/Current Step-up Converter With Constant 
Frequency Controller . 

Mode 1, (12»FQ) (13, FQ) 



W V D )+N s'W 

Ttt 


> 0 


8E e= »P 0 N p (V 0 +y ] (V 0 + V D ) 2 TNp 

w'o'tVj-Vp) 2 2A[N S (V J -v q )+N p (V Q +V D )] 2 


= Np(V ft +V n ) y — i 7 + — S- 

P 0 D Lp-Vq (V J-V q 2A[N s (V r V q )+Np(V 0 +V D )] 2 J 

For Mode 1 operation, the average flux density [(Bg+B^)/?] is greater than 
of equal to the sum of B R and half of the flux density excursion 
[(B B -B A )/2]. Using (12, FQ), 

p p o MW+VW <VV' v rV T 

2- IWW 

(W* 

2A[ Nj (V j- V q )+N p (V 0 +V D ) ] 2 


yP/ 


or 


AV 0 (Vi-V Q )‘ 
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3B 


B 


Hence 


< 0 


Therefore B D occurs at P n and V T , 
B,max 0,max I, min 


3B a 3B b 


> 0 


3b a _ -'‘ p oMyy 


<VV ™l 


st; 


W 0< V I- V q) 2A[N s (V r V p ) + Np{V 0+ V D )]' 


< 0 


Therefore, B. occurs at P n and V T maw , 
A, mm o,rmn I, max 


Mode 2, (20, FQ) 

3B r 3B r 

arp^ > 0 ; ^7 = 0 

Thus, B n mav/ occurs at and is independent of V T , 

D jHlaX U jiTloX 1 


Two-Winding Voltage Step-up/Current Step-up Converter With Constant On-Time 
Control ler. 

Mode 1, (12, TN) (13.TN) 


3 B 


B 


vk- > 0 apparently. 
dh 0 

Therefore, B B>max occurs at P 0>max 

sb b w| v v o + y N p . * 




on 


w 0 (v r v Q ) 2 ^P 


The sinn of 


3B b 

W7 


(*\\ 

toj P °= P 0,n 1 ax= 


is undetermined, but 


. * p o ( yy N p . 

JtV 0 tV I V Q> 3 


So, the curve of B g versus Vj on the Pq^Pq ma x plane is concave upward, and 
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B D occurs at either V T or V T m . 
B,max I, min I, max 


3 B, 


3B b 


> 0 


3B a . ^ p o<W n p t, 




*W V q)' 


on n 

SOJp 0 


Therefore, B n . occurs at P* . and V T 

* A,mm o,mm I, max 


Mode 2, (20, FQ) 


aBg 

aTT 


= 0 ; 


3B b 

aV7 


> 0 


Therefore, B g mgx occurs at Vj max and is independent of Pq< 


Two-Winding Voltage Step-up/Current Step-up Converter With Constant Off- 
Time Controller. 


Mode 1 ( 1 2 ,TF ) (13, TF) 

sb b n . 9B b n 

j P -> 0 , w -< 0 

Thus, B D occurs at P n and V T 

* B,max 0,max I, min 

3 Bn a Bfl 

3Pq > 0j 3^7 > 0 

Thus » B A,min occurs at P 0,min and V I,max 


Mode 2, (20,TF) 
3 B. 


’B 


0. 


3B b _ 2uP q (V 0+ V d ) 
WJ aAVq 




From (16,TF), solvinp for T R 




Np^VV 

w 



N P^P 0 (Vo +v D )t 


*VY V </-* 


- t 


off 


3T R 3 Bn 

Thus, Tfi- < 0 obviously , and consequently < 

Therefore, B D occurs at P ft and V T . 

* B,max 0,max i,min 


Appendix B 

DERIVATIONS FOR THE EXPRESSIONS t FO,R. THE NUMBER 
OF TURNS GIVEN IN TABLE 2.3 


In this appendix, the single-winding constant frequency voltage 
step-up converter is taken as an example to illustrate the procedure for 
deriving the number of turns N [Eq. (14,VU) of Chapter II]. The procedure 
for deriving the number of turns for the remaining eight single-winding 
converters is similar to that of this example and will be omitted. All the 
equation numbers used in this appendix correspond to those used in 
Chapter II. 

By setting B g = B max , and the conditions given in (12, VU), i.e., 

P 0 = p o, m ax and V I = V I,min* in and rearranging the resultant 

equation into a polynomial of variable N: 


li p 0 max^VVV 2 

N ' (Bmax ‘ BR> " + vftsCW 


T(V t m , n -V n )(V n+ V n -V T . ) 

I ,min Q ' 0 D I ,min' _ 

+ K T+ IT TT7 1 

0 V D V Q- 


Solving for N from this equation: 


_ xV 0< V I. m in-V 


(w b r) ± b p) - 


'max U R' 


T^VV V I,min)] 


2yTP 

Both roots are positive if (B max -B R ) 2 > But the 


smaller root of the two, 



will, to be proved later, cause the converter to operate in Mode 2 at the 


point P n = P n _ and V T = V T m . , at which the converter is restricted to 
r 0 0,max I I, min 

operate in Mode 1. Consequently, this root should be eliminated from 
consideration. 

To prove that the smaller root will cause the converter to operate 
in Mode 2 at (P 0>max> V I>m1n ), let B A (P 0 - P 0>max , V, = V I>lfc1n . N = N Q ) B„, 
Thus, 


* N oP 0 .™,ax<VVV T < V Idnin-V<VV V lW 
— ttyvj " 1 n -v Q t abiw™ 


cWd-V 


i.e. , N ( 


«0< V I.min- V Q) / 

’ * WWV 


2yTP 


(V n +V n -V T . ) 
v 0 D I, min ' 


[B-2] 


It can be seen from (11, VU) that if N < Nq, then b a (Pq=Pq max » v i =v i >m i n > 
N=N) < B r and, thus, the converter operates in Mode 2 at this condition. 
Otherwise, the converter operates in Mode 1 at the same condition. There- 
fore, it can be proved that Ng will cause the converter to operate in Mode 
2 at (Pq max , Vj m ^ n ) if Ng can be proved to be less than Nq. In order to 
prove this, several symbols are defined, which simplify the algebra. 
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b 4 (B, 


max 



2yTP 0 

c 4-T^(VVv I>m i n > 

Using these symbols, N 2 = a(b- / b Z - c) 
and Nq = a Sc~ 

Assume N 2 < Nq, and check if the result is contradictory or not. Thus, 

a(b- / b^ - c) < a / c 

Since a > 0, b- /cT < /b 2 - c 

Squaring both sides, b + c - 2b /c~ <b - c 


Rearranging, 

Thus; 


/T ( /c - b) < 0 
/T < b 


p 

/c < b is true because b > c, which is required by the fact that N 2 has 
to be a real number. 

Therefore, the result is not contradictory, and thus N < Nq. 

Therefore, N 2 will cause the converter to operate in Mode 2 at 
(P 0 max , Vj mi - n ), and should be eliminated. By a procedure similar to that just 
described, N-| can be proved to be greater than N Q . Thus, should be used 
to determine the number of turns, as is given in (14, VU). 




Appendix C 


DERIVATIONS FOR MODE 2 FLUX-DENSITY AND TIME 
RELATIONSHIPS FOR THE TWELVE CONTROLLER- 
CONVERTER COMBINATIONS 


In this appendix, the voltage step-up converter with the three 
types of controller are taken as examples to illustrate the procedures 
for deriving Mode 2 expressions for flux density and time, which are oiven 
in Table 2.5 for single-winding converters, and in Table 3.3-A, B, and C 
for two-winding converters. For each controller type, the derivation 
procedures for the other three converter configurations are the same as 
that of the voltage step-up configuration, and are omitted in this appendix. 

Constant Frequency Voltage Step-up Converter 
(26,VU), (28, VU) and (29, VU) 


From the Mode 2 waveform of the inductor current i^ of the voltage 


step-up converter as given in Table 2.4 and from (1 , VU ) and (3,VU), 


, . (yy^n _ Wiff 


1 b = r r 


Ec-i] 


The average output current Pq/V q can be expressed in terms of i B as [C-2] 
below 


P it 1 
0 _ B l off 


v^--7T 


[C-2] 


(125) 




1 •il-is'-Cj *-'is . -M»l> , ■ , ■ 


Thus, 
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[C-3] 


In 


2P 0 T 

VSf 


From [C-1] and [C-3], 


(V 0 + V V I )t off . ^O 1 


Wf 


Solving t; ff : t’ ff 

2 

Substituting L = ^ A 

X» 


2P 0 TL 

WTO - 


+ * 

Vf 


2yTP 0 A 

WW 


[C-5] is the same as (29,VU). 
Substituting [C-4] into [C-1], 


= 


2P 0 T (V 0 +V v i) 

”tv: 


uNi, 


Thus, B n = B d + = B D + 


2yTP 0 ( V 0 +V D”^ I ) 


, B UR . __ UR . . w 


[C-6] is the same as (26, VU). 
From [C-5] and [C-1], 


[C-4] 

[C-5] 


[C-6] 


x _ N<VV V I> 

*<>« Vj-Vq) 

[C-7] is the same as (28, VU). 

Constant On-Time Voltage Step-up Converter 
(30, VU), (32, VU) and (33, VU) 

All the equations, fron [C-1] to [C-7], are true for this case 
except the fact that T is a specified parameter for the constant frequency 
case but t is a specified parameter in this case. Thus, B & , T, and 
t' 0 ff need to be expressed in terms of the independent variable t Qn . 


/“2»TP q A 

a/ wot 








aaiMwiiaaBaaMa^ 






From [C-l], and the fact that Bg = + — j — , 

c - c , WV 

b b - b r + m 


[C-8] is the same as (30, VU). 

From [C-7] , solving for T in terms of t n leads to (32, VU). 
From [C-l], solving for t^ in terms of t leads to (33, VU), 


Constant Off -Time Voltage Step-up Converter 
(34, VU), (36,VU) , (37, VU) and (38, VU) 


In this case, t ^ is a specified parameter. Thus, B 
t off need to be expressed in terms of v f 

From [C-7], r 

.... . N <VVV / 2 ” TP 0 A 


t off = T ■ t on ' T ■ 


v r T q 


'o'Wi 


Thus (T t ,2 ■Y N( VV V I ) 
thus, (t - t off ) -y (Vj-Vq) y *ov~ 


O' 0 D I 


i.e., T - 2[t Qff + 


uflN 2 Po(V ot V D -Vi) 

^v 0 (v r v Q ) 2 


2 J T + t off = 0 


Sol vino for T : 


T 1 » T 2 " T - ^ " ^off 


where x 4 t ^ + 


yAN 2 P 0 (V Q +V D -V I ) 

*wv z 


Since (t - t off ) 2 < t 2 - t 2 ff 
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Thus, T 2 = t - Jx - < t Qff 

which is contradictory to the definition of T and t Qff . 

Therefore, the root T 2 should be eliminated. Denoting the larger 
root T-| by T R , T = T-j = T R , where T R is the larger root of the quadratic 
[C-9], Substituting T = T R in [r>6] leads to (34, VU), in [C-7] leads to 
(37, VU). And (38, VU) is the same as (33, VU), where the t Qn in (38,VU) 
is given by (37, VU). 


Appendix D 

DERIVATIONS FOR RMS REACTOR CURRENTS AND THEIR MAXIMUM 


The derivations for RMS reactor currents for the twelve controller 
converter combinations are given in Appendix D-l, and Appendix D-2 out- 
lines the steps for locating their maximum values. 

Appendix D-l 

Single-Winding Converters 
Mode 1 

From the waveforms for the reactor currents i y given in Table 2.2, 


! x e 4 J I 1 xi t ) dt = Y C i xi t ^ dt + ij^Ocit] 

rer 
'off 


over 

T 


over 

t on 

on 


over 
t 


p 

where | i jyt)dt = 

over o 

t_ n 
on 


°(1 A + ^ t) 2 dt 


on 


. ,2 * , (W \2 t on „ .. ''B"A' ^ 

A t on + r~ > ~T + ’A — E~ *, 
on on 


‘W . 2 

on 


9 C1r-1 A ) 

= t Qn [i A + i A (i B -i A )] 




( 129 ) 
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Similarly, 


over 

l off 


= t 


off 


C-V- +i 


Thus, I^ e = j- f 1^t)dt + i^t)dt 


over 
t 


on 


over 
t 


off 


<W 2 


3 + Va 


(i B +i A^“ i B i A 


-^[(B b+ B a -2B r )-(B b .B r )( Ba . Br )] 


Therefore, I*- ^ < B B +B A -2B R ) 2 -{ B B - B R ) ( B A -8 R )] ] 


1/2 


Substituting for B R and B a with the appropriate expressions qiven in-Table 
2.3-A,B, and C will lead to the Mode 1 expressions for I^ e as given in 
Table 2.6-A,B, and C. 

Take constant frequency voltage step-up converter as an example, 
From (ll.VU) 


Br»+B n -2B 


2uNP 0 (V 0+ V d -V q ) 




and 


r NP 0 (V 0 + V D .V 0 ) 

12 r T(v rV<VV v i>l 

I7 o (V rV 

j 'L 2 HA(V 0 +V d -V q ) J 


Thus, 


W W /7 1 f )lTV 0 (V r V Q )(V 0 + V V I ) ] 2 

' 'o ( W V 17 L' 

as given by (39, VU). 


X Xe V n (V T -V ft ) /\l ' T? L UN^AP 0 (V 0 +V D -V q ) 




■Tv.r. <- ■ ,, tsn „ 
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For the remaining eight single-winding combinations, the derivation 
procedures are similar and are omitted. 

Mode 2 

From the waveforms for the reactor current i Y given in Table 2.4, 


! XeAr f = T f 1 xi t)dt + f 


over 

T 


over 

*on 


over 

t * 

x off 


where 


i||t)dt = 


over 

t 

on 


on i t i 2 t 

, _ B x on 

( ) dt - — 

"on 


Similarly, 


'jrf 1 = 


i 2 t ' 

1 B^off 


over 

^off 


Thus 


, _ 1 |"*‘ t on +t offn 1/2 _ r 4 on +t offl 1/2 

■ V ’b L 3T~J = ill "L — ST — J 


t +t’ff 

Substituting and - P/y .. 0 . ■ ■ ■ by the appropriate expressions given 
in Table 2.5 will lead to the Mode 2 expressions for I^as given in 
Table 2.6-A,B, and C. 

Two-Winding Converters 
Mode 1 

From the Mode 1 waveforms for the primary current i^ and the 
secondary current i $ given in Fig. 3.2 a the mean square primary current I Re 


T 2 - 1 

■P*’ T 


,2 


ip^t)dt = y- 

over r 
t 


1 f (1 + WIPA t) 2 dt 


on 


on 
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"ST C(i PB +i PA )2 ' 1 PB i PA ] 


t ft 


on 


3Ty N 


0-[( b b +b a- 2B r) “( b b- b r)( b a" b r» 


Thus he* ^[^r f[(B B +B A“ 2 B R ) 2 ’ (B B“ B R )(B A’ B R )] ] 


1/2 


[D-l-1] 


Similarly, I $e « [“IT 1 [{B B +B A‘ 2B R )2 ‘ (B B“ B R )(B A“ B R )] ] 


1/2 


= I 


\ 1/2 


"P f "off A 
S' Nc VF~' 


Pe N S 'on 


From Eq. (8) in Chapter 3, = rf-rcr- i 

t off WV 


WV 


/ WV 

Therefore, 1^- I pe / 


[D-l-2] 


Substituting B^, B^, and -ip- in [D-1-1] by the appropriate expressions 


given in Table 3.2-A,B, and C will lead to Mode 1 expressions for Ip^in 
Table 3.3-A,B, and C. 

Mode 2 

From the Mode 2 waveforms for the primary current i p given in Fig, 

3.2, 


J Pe = T i p( t ) dt 


over 
t. 


on 
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Similar to the procedure for deriving [D-l-1] and [D-l-2], 


r Pe TT 


and 


, MW 

J Se = ‘Pa^ N s W 0 +V D j 


[D- 1-3] 


Substituting Bg and -y^- in [D-l-3] by the appropriate expressions given 
in Table 3.2-A,B, and C will lead to Mode 2 expressions for I pe in Table 
3 .3-A,B, and C. 


Appendix 0-2 

LOCATING THE MAXIMUM RMS REACTOR CURRENTS 


This appendix outlines the steps leading to the .output-power/input- 
voltane conditions at which the rms reactor currents reach their maxima 
for the twelve controller-converter combinations. The maximum of I^ e (or 
Ip^and !<-), is located by evaluating the partial derivatives of the ex- 


Se 


pressions for (or I^and I<*J with respect to Pq and Vj. For the con- 

2 

venience of algebraic operation, the partial derivatives of I^ e with re- 
spect to Pq and Vj are, for some cases, used to locate the maximum. 


Single-Winding Converters 

Voltage Step-up Converter With Constant-Frequency Controller 
Mode 1 (.40, VU) 

From (39,VU) , 
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[2 - 
Xe 


_ r Wvy f . i r tT ( v i- v o) ( W v ih 
LWf J 17 L w N 2 A(V 0 +V d -V q ) J 


aI Xe . 2 - P q( V 0 +v D- V q) 2 . 

" aV I (V I'V v o (V r V Q )Z 12 m 2 N 4 A 2 (V 0 +V q -V q ) 2 

£t2 (v i - vp) 2 (v j +v .d- v i ) 

' 12u 2 A{V 0 H-V D -Vq) 2 


By arguments similar to that given in locating B D for this controller- 

D )|T1qX 

converter combination given in Appendix A, for Mode 1 operation, 


wvv 

v^i-v - 


12 v N 2 A(V 0 +V D -V q ) 


Thus, 


v 2 (v r Vq) 2 - 


Therefore, 


3 1 


Xe 


< 0 


a 2 t ! ( I i : Vq)2(Vo+Vd ~ Vi>2 

12 u 2 N 4 A 2 (V 0 +V d -V q ) 2 


Consequently, I Vo mav occurs at P n and V T 

^ Xe,max 0,max I, min 


Mode 2 (42, VU) 


9l Xe n . 3l Xe 
0> 


W 


< 0 


Therefore, I» mav occurs at P ft max/ and V T . . 

xe,max o,max I, min 
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Current Step-up Converter With Constant-Frequency Controller 
Mode 1 (40, CU) 

From (39, CU) 


i. * * 2(v r v o- v Q )2( V v D )2 T 2 

\i 2 n o, . 2ii4 *2 /u , \i \i \2 


.2p c NV(Vj +V d -V q ) - 


p o + ^oVt 2 /. V, 

= T7W I 1 " 7 ? 


0i Xe . 0 . A Xe . 

*P7" °» WT 


Therefore, I v occurs at P n and V T 

’ X ,max 0,max l,max 


Mode 2 (42, CU) 


aI Ya 9I Ya V T -V n -V n 

aP~ > 0 and 3 v ^->0 since 1 


V V D 


rV'Q 


Therefore, I Vo occurs at P n mav and V T mav 
Xe,max 0,max I ,max 


Voltage Step-up/Current Step-up With Constant- Frequency Controller 


Mode 1 (40.UD) 
. »2 


svr 


V 0 +V D P 0 V 0 +V 0 ,2 , T <VV 

77-77 -7 (1+ ipU 1 ~ 177 

(V I V v 0 I q 12 u 2 N 4 A 2 (1+ 

V I“ V Q' 
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By arguments similar to that given in locating I Y for Mode 1 operation, 

a 6 »ulaX 

r2 


31 


Xe 


5V 


< 0 


I 


Therefore, I w occurs at P* and V T 

* Xe,max 0,max I,min 


Mode 2 (42, UD) 
3 I 


Xe n. 
° : 


3 I 


Xe 


3 TT 


< 0 


Therefore, I„ occurs at P« , and V T • . 

Xe,max ^ ^max I, min 


Voltage Step-up Converter With Constant On-Time Controller 
Mode 1 (46, VU) 9 9 

t2 r p 0 (*o« D -vi . i rwvvf 
r xe- L-WfrJ 17 [~^r~\ 


31 


Xe 


W, 


> 0 


31 


2 


Xe 


W 


-2 r wvv; 

^ L V? (vV-v«'r 12u *N 4 A 2 J 


I V I“ V Q L Vq(Vj-Vq) 


By arguments similar to (40, VU) in locating i v for Mode 1 operation, 

Xe,max 

p o<V¥V „ 

V 0 (V r V Q ) 12 u 2 N 4 A 2 

3l Xe 

Therefore, ^ — < 0 


Consequently, I x occurs at P 0jinax and »j t „. 
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Mode 2 (48 # VU) 


3l Xe _ Q . 9l Xe . q 

W ’ W 


Therefore, I Xe max occurs at Vj max and independent of P Q . 

Current Step-up Converter With Constant fln -Time Controller 
Mode 1 (46, CU) 


3l?_ 3l 2 


Xe n . 

WT >0 ' W7 


Xe -> 0 


i 


Therefore I Y occurs at P rt and V T 

Xeynax u,max I, max 


Mode 2 (48,CU) 


9 *Xe 

0; 


3l Xe n 

3?7" > 0 


Therefore I« occurs at V T - u and is independent of P n . 

Xe,max I, max r 0 


Voltage Step-up/Current Step-up Converter With Constant On-Time Controller 
Mode 1 (46, UD) 

9l Xe 0 

WT > 0 


a I 


o 

2 

Xe 


W. 


~p2 
*0 
— ? 
V I 


(VVW 


1 ^or/W 

(Vj-Vq) 2 7 m2 N 3 4 A 2 


V V D 


3 I Xe 

The sign of can not be determined, but 
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3 2 I 2 

i>>o 

3V i 


Thus, occurs at P n mav and V T = V T or V T = V T m . 

Xe,max Q,max I i»min I I, max 


Mode 2 (48 ,UD ) 


3l Xe n . 3l Xe . n 
Wf > 0; 3 " 0 


Therefore, I» „„„ occurs at V T and is independent of P ft . 

Xe,max I,max r 0 


Voltage Step-up Converter With Constant Off -Time Controller 
Mode 1 (52, VU) 


3 I 


Xe 


3 P/ 


> 0 ; 


31 


W. 


Xe 


< 0 


Therefore, I» occurs at P n and V T . 

* Xe,max 0,max I, min 


3 Tr 


3T r 


Mode 2 (54, VU) 

From Appendix A, > 0 and < 0 

Therefore, 


3l Xe . „ 3l Xe 


< 0 and > 0 

I 3K 0 


Thus, I Vrt occurs at P n and V T . 
* Xe,max 0,max I, min 


Current Step-up Converter With Constant. Off ^lime Contitoi-ler 
Mode 1 (52, CU) 


3l Xe 0 . ^Xe . 0 

3^ _> °* STf 0 
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Thus, I v „ occurs at P n mav and is independent of V T . 
* Xe,ma>r. U,max i 

Mode 2 (54. CU) 

From (53,CU), and Eq. [A-l-l] in Appendix A-1 , 

3T r 3I x 

■ > 0 and hence — > 0 


Substituting the expression for T R given in [A-l-l] into (53, CU), it can 

be seen that I Va increases with V T . Therefore, I Va occurs at P n 

Xe I Xe,max u,max 


and V 


I ,max ' 


Voltage Step-up/Current Step-up Converter With Constant Off-Time Controller 
Mode 1 (52, UD) 


3 I 


2 


3 I 


2 


Xe n . Xe 

^ >0> ^T < 


Therefore, I v occurs at P« and V T • * 
* Xe,max 0,max I,rmn* 


Mode 2 (54,UD) 

' 3l Xe n . 


• 3 I 


Xe 




< 0 


Therefore, I« mav/ occurs at P A and V T .» , 
Xe,max 0,max i,min 


Two-Winding Converters 

Two-Winding Voltage Step-up/Curfent Step-up Converter With Constant- 
Frequency Controller 

Mode 1 (24, FQ), (30, FQ) 



From (23, FQ), 


•Pe = 


r p oA . v o- 

1 n — In — t 77~ 




\ 


o +v oj|V y[ t W (, i^ lT ' 1 

i^Q J 17 >-ii A[ Np (V 0 +Vp )+"ljp#j (V J-Vq")J 


WW 


MW +N S< V rV 


= f l 




A f ! f 2 


3fr 


W7< 


3fi 


9 Vi 


= 2 


A,VV If *W<VV T 1 

V ^ T7 La[n2(v 0+ v d ) + NpN s (v i -v q )J 


- p o<W N p + 1 

+ TT 


*<VV T 


V 0 (Vi-Vq)‘ 


V 0 +V D ' 
|iN p A[N s + N p3 


£ f 3 


/ 


f 3 = 


( V 0 + V N P r P Q 


(Vj-Vq) 


"p K 0 . 1 

T [• 7^ T? 


*<VV T 


p N p A ( Ns+ Vjs. Np) 




b b +b a 

For Mode 1 operation, the average flux density — and B c 


From (12, FQ) and (13, FQ) of Table 3.2-A, 
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mP 0 v 0+ v d (v q +v d )(v.-v q )t 

(N S + V i 2 Aln s (V7-^)v^V 0 w^j 


[D-2-2] 


Therefore 


P 0 4(V q+ V d )T 
> 


a i -I 

Thus, fg < 0 and — < 0 


V 0 +V D * 

2 ^ n p a(n s + vprV 

■3 fi 


Therefore, 


9 Ip 9(f-»fo) 3fo 9 f-j 

- -iv =f iP 7 + f 2 5 V 7 <0 




Thus, I De max occurs at p r» and V T . 
pe,Mdx 0,max I, mm 


I Se : 

From (29,FQ) 


I 


2 = rr p o a- v v d,i z + i r t( v v D )(v i- v Q )T i 2 ] n p (v 
S ® IK ¥ V I" V Q J T? LuA[Np(V 0 +V D )+NpN s (V I -V Q ) J J n|(V,- 


Wq) 


V +N S N P<VV 


„, p o^ M v rV + M v o + V , V (VV T T 

= n pV n s (Vi-Vq> L 1 


2 t 2 \i m - 3 


V!q 


WWWJ 


\ 


A f. 


t \ 


A f 5 



■ f 4 + f 5 


3f 4 , P 0 \ N P<VV 

= - v. -y 

1 v 0 n s< v i- v q> 
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3f 5 = ^y D ) 2 T 2 r (yy 1 2 _ 

4 u 2 A J N s LNp(V 0 +V D )+N s (Vj-yJ ' [Np(V 0 +V D )+N s (V r V q )] 2 


Z 2 (Vo + V D ) 3 T 2 Np 2 (Vi-V Q ) 2 

4y 2 A 2 N s [Np(V 0 +V D )+N s (V I -V Q )]' 


9 ^ 4 9 f c 

From [D-2-2], it can be concluded that + j\/— < 0 

3l? af. af 5 

Therefore, ? = aTJ + aTJ < 0 


Thus > r Se ,max occurs at P 0,max and V I.tnin' 


Mode 2 (26, FQ), (32, FQ) 

Ipgj It is apparent from (25, FQ) that 

Ip. mavOccurs at P n and V T m . . 
re, max u,max I, min 

I Se : It is apparent from (31, FQ) that 

I $e,max^ ccurs at p o max and is ^dependent of Vj 


Two-Winding Voltage Step-up/Current St6p-up Converter With Constant On-Time 
Controller 

Mode 1 (24 ,TN) , (30.TN) 





> 



KjW-msstcss: 
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From (23, TN) 


= 

re 


r p o ( N S . V 0 +V D s 2 . 1 r^VWi 2 1 VW 

\T 0 -J;-\ j WWr 

^ \-Au- 




\ 


A f l 


It can be seen that f-j > 0, and > 0 


af 


H 

t 


p« N r V„+V„ , l(V,-V n ) t„„ n r-P 0 (v 0 +v D ) , n 


. . 0, "S . 0 D) . 1 

^ LVCW 


77 pN 2 A 


I O' on 


A f 3 


I r^WV + 1 M on 1 

1 L V 0 (V r V Q ) 2 11 uN 2 A J 

/ 1 if . / 


It can be seen that f 3 > 0, may be positive or negative, 


3 f 2 ,N s N p (V 0+ V D ) 

W7~ 


E N p ( v o +v d) +n s ( v i*” v q)1 


7 < 


d 

3 V 


f l _ f 2 WV . „ f 2 Q 

7 3 V 0 (Vj.V qF 4 


because f 3 > 0. 


3 2 f 2 2N|N p (V 0 +V D ) 


> 0 


Since I pa 4 f r f 2 


3l Pe _ . 3f 2 f 3f l 

aVJ - ' f 1 3^7 + f 2 3VJ" 


3f< 


= f 


1 W7 + f 2 f 3 f 4 




3 2 I 2 


3 2 f, 


3 V 


+ f. 


I 


1 3Vj 
3 2 fr 


3 2 f • 

8V? 


+ 2 


3 f i 3fg 

3Y7 ' 3TT 


I 


I 


a 2 fi 


3 f/ 


= f 


1 — 2" + f 2 — 2" + 2 aT" f 3 f 4 

1 3 V j * 3 V j 9V I d 4 


3 2 f /■ 


2 

3 f -j 3 9 f -j 

From the signs of f-j »f 2 > f 3 * f 4 » » j^p » — <? 

I I 3 V j °*I 
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and — y as described, 

3 V. 


3 I 


Pe 


it can be concluded that if f^ < 0, then -pp- < 0. Thus, Ipe^jpccurs 

1 

at P 0 >ma x and V I,min- If f 4 °* then ^ >0 ‘ Thus> I P e ,ma^ ccurs at 


I 


P 0,max and V I = V I,min or Vax’ Therefore > I fe>max occurs at P 0>max and 
V I ‘ V I,min or ^ I, max’ re 9 ardless ° f the value of f 4 - 


Se- 


al. 


(From 29, TN), ^- e > 0 


2 , 

3 f t 


j2 N P ( P 0 W N S , V 0 +V D } 1 A,V I‘V *on 1 

V ntvt )( c + + — m : — • 


'S v 0 


IQ 


A f 5 _/ ^ 


> 0 


3V 


I 


3 2 f 6 6,(V r V Q )t on 2 
2* = - 


1 


3V 


I 




6 *(VVV , &(v rV 3t on 2 

u AC Np (V 0 +V D )+N s (v J-V Q )] 2 


WV +N S ^ r V Q ) 


= f 6 


2N< 


> 0 


CN p (V 0+ V D ) + N s (V r V Q )] J 
because the sum of the first two terms is positive and the third terms 


. .v . .. . 
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is also positive. 
Therefore 




3V 


7 

I 


3 2f 5 3 2 f g 

— f+— 1> 0. 

3V/ 3V. 


I 


I 


Thus, I Ca mav occurs at P n and V T = V T or V T 
* 5e,max v 0,max I I, mm I, max 


Mode 2 (26, TN), (32, TN) 

1^: From (25, TN), it is apparent that 

3l Pe> Q . Sl > - Q 
sPq* > °* avf “ 0 

Thus, Ip^ max occurs at Po,max and is independent of Vj. 
IgJ From (31,TN), it is apparent that 


81 


8P~ >0 and a^ > 0 


Therefore, I & , max occurs at P 0>max and V I>max . 

Two-Winding Voltage Step-up/Current Step-up Vlith Constant Off-Time Controller 
Mode 1 (24,TF), (30.TF) 

I, 


Pe * 


From (23,TF), 


t 2 r P 0* , N S , V 0 +V D N 1 ^ V 0 +V D^ t of f 2 *1 N P^ V 0 +V D^ 

I p e= l75’ ( C + ^ ) + J- 


'P ¥ r ¥ Q 12 pNpN^A 


p^o tv d /t,, s' ¥ i"V 


3 1 


Pe 


31 


Pe 


Thus, it is apparent that |-p— - > 0 and 
Therefore, l pe|max occurs at P Q>max and V I>min 


< n 


•mmwmwmmmmmImi 
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X S e " 


From (23, TF) and (29, TF) 
P ( 

r o N s (v r y 

t 


,2 _ / '(K 2 N s< v rV + WV , * 2 <VV 2t 0 ff 2 V I' V Q 

*33' V T'* ' + *"* * 


2.2 


Af, 


12N^‘A‘ N p (V 0+ V D )+N s (V r V Q ) 

t t 1 


»'l . . P 0, ! "p<VV 


w[ = • 


n s< v x- v q>‘ 


3f 

3TT 


3 ^ < V 0 +V D>‘ 


MW 


I 12N sl A 2 ‘ 


Similar to the procedure for deriving [D-2-2], it can be concluded that 


a f i 3f« 

< 0« Thus, ma « 0 ccurs at P n m _ v and V T . . 
3 * j aVj be,maxT G,max I, mm 


Mode 2 (26.TF), (32, TF) 


3T, 


3T, 


From (16,TF), it can be proved that < 0, and 


> 0. The 


procedure for this proof is similar to that given for the case of voltage 


step-up converter with constant off-time controller in Appendix A. From 

aTn 3 Tp 

(25, TF) and the fact that ^r- > 0 and < 0, it is apparent that 


3 I 


Pe 


3 I 


> 0 and -y P e < 0. Thus, Ip^ 


3 P r 


max 


occurs at P 


0,max 


and V 


I, min* 


From (31, TF) and (25, TF) 


1 s q!= 


i Pq n p / 2 * p 0 (W t r 


5Vjr s 


N p 2 uAV 0 
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Since 


3l Se 

sV 


3T r 

SJ'o 


0 and 


3T r 

> 0 and gY 1 < 0 as desc n be d above, it is apparent that 

wf" °- Therefore * I se^ax 0ccurs at P 0,max and Vln' 






Appendix E 


DERIVATION FOR THE OPTION CONSTRAINT EQUATIONS 
GIVEN IN TABLE 3.4 


This appendix outlines the steps leading to the option constraint 
equations given in Table 3.4. All those equation numbers, which are not 
prefixed by E, correspond to those used in Chapter III. Several symbols 
need to be reiterated: V, 4,V I>min . \ A V I>max , P, A P 0>min , P 2 A P 0>max , 

and B 2 = B max' 


[A] Duty cycle centered at a particular value U^, Mode 1 

N p (V 0 +V D ) 

From (10), c max = N p TVoW D TtN s TVp Q 7 


(E-l) 


and 


MW 

a min MMM + MMV 


(E-2) 


Thus ’ a max " U A " U A " a min 


i .e. 


1 + 


N S , 


nw =2Ua 


V*W 1 + V"^TO 


N« 


Rearrange into polynomial form of variables n- , 

r 











(148) 
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(W<YV ( V , < V ! +V 2- 2V Q> fl 1 , N S , 

~~i^r V ~w “ (1 ■ 0 


~k )m0 


N, 


Solve for n— f rom this quadratic equation. 

JNp 


N s _ -(Vq+V d )[h tj H 2 -4(V 1 -V q )(V 2 -V q )( 1- fc) ] 


¥ 


2 (YV ( VV 


where M 4 ( v i +V 2“ 2 V qM - ) 


Since 0 < < 1 , thus (1 - ) < 0, and the term inside the square root 

A 

sign is always positive. M may be positive or negative depending on the 
specification of U^. But, the term inside the square sign sign 


M 2 -4(V r V Q )(V ? -V Q )(l - J- ) > |M| 

n 

Thus, only one of the two roots is positive and should be used, that is 

N s wW M 2 -4(V r V Q )(V 2 -V Q )(1- 

2 (Vi-'v q )(v 2 .v q ) 

[B] Minimum duty cycle a m .j n = Ug, Mode 1 

N p (V 0 + v D ) 

From (E-2), a min = N p (V q +V D )+N s TV 2 -V Q ) = U B 

N, V v n 1 

Thus * u -y (-g — 1 ) 

N p v 2 V Q U B 


[C] Duty cycle variation = Uq, Mode 1 
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From (E-l) and (E-2), “ max - “ min - U £ . 

WV N p (V 0 +V D ) 

VVV +N P ( W - W=WW C 


N S 

Rearrange this equation into a quadratic equation of variable n~ , and 
N s N P 

solve for rr-, similar to that in [A]. 


where 


N $ -<V V D )(Y *- Z) 

"T 2w r v Q ){v 2 w Q -y 

Y 4 V, + V 2 - 2V p - -2 d - 


Z4 J Y 2 -4(Vi-V Q )(V 2 - v p ) 

The nature of the two roots are discussed in the following: 


(a) Y 2 < 4 (V r V Q )(V 2 -V Q ) 

Z is a nonreal number, and there is no solution for 


N< 


(b) Y 2 > 4(V r V Q )(V 2 -V Q ) 

Since 0 < < 1, Y may be positive or negative depending on the 

specified value of U^. 

(i) Y > 0 

Both roots are negative because Y > Z. Therefore, no solution 
exists. 
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(ii) Y < 0 

Both roots are positive because |Y| > Z. 
Therefore, both roots are solutions. 


[D] Maximum transistor collector-to-emitter voltage = Up, 

V rr = U n , Mode 1 or Mode 2 
CE, max D 


From Fig. 3.1, transistor collector-to-emitter voltage 
N P 

= <VV + V 

Thus. u D = Je. (v 0+ v 0 ) + V 2 
V 0 +V l) 

Therefore ^ ^ 


[E] Maximum diode reverse voltage y.DR max = U £ , Mode 1 or Mode 2 


From Fig. 3.1, U £ = V Q + ^ (V 2 - V Q ) 
tk N S U E' V 0 

Thus > up vpvj 


[F] Maximum peak transistor current 1 ^ max • Up, Mode 1 or Mode 2 

t( B B" B o) 

From Fig. 3.1 i col1 = i pB = — 

Thus, i co -|i #max " ^ U F 

a(B 2 -B r ) 

Therefore, N p - — jjg-— 

C G] Maximum peak diode current ip max = U Q , Mode 1 or Mode 2 

*(Bo- B r) 

From Fig. 3.1 ip >max = i S B,max = 



152 


[H] Maximum duty cycle a v = U g , Mode 1 or Mode 2 

ITIaX rt 

From (10) and (18), a max always occurs at P Q and no 

matter whether the converter operates in Mode 1 for the entire range 

or in Mode 2 for a portion of the range, and since all of the design 

considered operates at Mode 1 at least at P A and V T . Thus, 
r 0,max I, min 

Mode 1 expression for duty cycle (10) should be used. 

MW „ 

“max - Np'( V' 0 +V D )+N s ( V i - Vq ) ' U H 
TL * N S V 0 +V D /I ,1 

Therefore. ^ 

[I] Total number of turns - Uj 


[J] Turns ratio = Uj 








Appendix F 


DERIVATIONS FOR THE OPTION SOLUTIONS FOR 
Np AND N$ GIVEN IN TABLE 3.5-A,B, and C 


This appendix outlines the steps leading to the option solutions for 
Np and N s for the two-winding converter with the three controller types. 

Constant Frequency Controller 

From Eq. (35, FQ) of Chapter III, 

V n +V n *V n / I 2 u TPo(V +V n )_ A 

N S + vpj N P = 5^ [ B 2- B R + J <V B R> - Jv 0 ■ > K (35 > FQ) 

Solutions for Np and N^ for each option are obtained by solving 
(35, FQ) with the corresponding option constraint equation simultaneously. 

Options [A], [B], [C], [D] , [E], [H], and [J] 

For each of these options, the turns ratio N^/Np = yy is given by 
the corresponding option constrain equation given in Table 3.4, where the 
subscript y corresponds to the design options A,B,C,D,E,H, and J. Thus, 
substituting N<. = yy N p into (35, FQ) and solving for N p , the solutions are 
written in general form. 


K(V r V Q ) 

Np = Yy'.VV + VV ! ^ = ^ P 

(153) 
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Option [F] 

MSo-Br) 

From Table 3.4 N p = pgj - * 

V v n 

From (35, FQ) N $ = K - V ^^-- N p 

Option [G] 

*(b 2 -b r ) 

From Table 3.4 N $ = — 

G 

V 1 " V 0 

From (35, FQ) N p - (K - N $ ) . 

Option [I] 

From Table 3.4 N p + N<. = Uj 

(v 0 +v D ) 

From (35, FQ) N $ + N p • = K 

Solve (F-l), (F-2) simultaneously for N p and N^. 

N P = (K • U I 5 • V 0 TV’-V^ 

N$ = u i - N p 


(F-l) 


(F-2) 


Constant On-Time Controller 

For options [A], [B], [C] , [D], [E], [H], and [J]; 


N S 

nr- = Y » wherey = A,B,C,D,E,H, and J 
N P y 


Substitute N s = yyN p into (35, TN) and arrange the resultant equation in a 
quadratic form of variable N p . 


u P 2 r 


V 0 +V D 1 9 

+ v io' v qJ Np " ^ B2 " B ^ Np 


, (V I0‘ V Q )t: on _ 
TA 
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Solving for leads to the solution expressions for Np given by Table 
3.5-C. 

Option [F] : 

From option constraint equation given in Table 3.4, 

_ *(W 

n p - 

From (TN,35), solving for in terms of N p leads to the solution 
expression for N $ given in Option [F] of Table 3.5-B. 

Option [6]: 

From option constraint equation in Table 3.4, 

h , _ 

S '“W 

Arranging (35,TN) into a polynomial form of variable N p : 


„P 2 (V 0 +V D )N p 


P_ /d d wr 2 „ u, , (V I0‘ V Q )1; on _ „ 

r * (B 2 " b r _ n s )n p + — ts 0 


£V 0 (V IO _V Q‘ 

Solving this quadratic in terms of N $ leads to the expression for 
Np given in Option [G] of Table 3.5-B. 

Option £1] 

From option constraint equation, N p +N $ = Uj. Substituting N s =Uj~Np 

into (35, TN) and arranging the resultant equation in polynomial 

form of variable N p . 

nP 2 <V 0+ V D -V I0+ V 0 ) „P, 

IV7 VTpr, — N P + IV^ U I +B R- B 2 )N P 


10 Q 


, ^IO'V^jn _ 

+ ^ 
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Solving this quadratic for N p leads to the expression for N p given 
in Option [I] of Table 3.5-B. 


Constant Off -Time Controller 

From (35, TF) of Chapter III, 

r< v n +v n) on ( y n +v n)t«ff 

TT 0 [ Yj-Vq n p n s + N s ] - (B 2‘ B R )N s + 2S =0 (35 » TF) 

For Options [A], [B], [C] , [D] , [E], [H] and [J] 

N S 

For each of these options, the turns ratio rr- - y. is qiven by the 

T y 

corresponding constraint equation given in Table 3.4. Substitute N^Np.y 

y 

into (35, TF) and arrange the resultant equation into a polynomial form of 
variable N«j. 


vP 

ivr n+ 


v„+v, 


2 r, . V J D 1 2„ 2 „ * „ , ^VWf _ „ 

0 L 1 Vy1V£=V q )J }y N P -'• B 2- B R ) y N P + ZS 0 


Solving for N s from this equation leads to the solution for N p given for 
these options in Table 3.5-C. 

For Option [F] : 

From the constraint equation for option [F] in Table 3.4, 

_ *(B 2 - B r) 

P 

Arranging (35, TF) in a polynomial form of variable N s leads to 
mP 2 m 2 + r yP 2 ( W N P (b n ) 1m I ^VWf _ - 

iv^ N s L - 'VV JV zb 0 

Solving for N s in terms of N p leads to the solution for for option [F] in 
Table 3.5-C. 
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For Option [G] : 

From the constraint equation for option G given in Table 3.4, 
a(B ? -B r ) 

N s = t 

From (35, TF), solving for N p in terms of leads to the solution for N p for 
Option [G] in Table 3.5-C. 


For Option [I] 

From the constraint equation, N p +N,g«Uj. 

Substituting N p =Uj-N<. into (35, TF) and arranging the equation into 
a quadratic equation of variable leads to 




P p 2 (v 0 + V 
L *V v rV 


mv 


( v 0 +V D^off 


■2T 


= o 


Solving for N s in terms of N p leads to the solution for in 
Table 3.5-C. 


Appendix G 

DERIVATIONS OF EXPRESSIONS FOR AW, 

m 


The expressions for Al^ for the various controller-converter combi- 


nations given are derived in this Appendix. By definition, AW m is equal to 


the difference between the maximum energy and the minimum energy stored in 
the magnetic core during a steady-state operating cycle. The amount of 
energy stored in the converter core increases with time during transistor 
on-time, reaching its maximum at the instant when transistor is turned off; 
it then decreases with time until it reaches its minimum value. This value, 
which may be zero, is the energy stored at the instant when the transistor 


is turned on again. Thus, AW m is equal to the total energy flowing into 


reactor during transistor on-time or the total energy released from the re- 
actor during transistor off- time. In other words, for single-winding con- 
verters , 


\\ 


Vx dt 


= 1 V) 


dt 


(G-l) 


^on Vf 

For two-winding voltage step-up/current step-up converters. 


A Hn = j y P dt s - 

*on 


1 s v s dt 


(G-2) 


off 


Using these two equations, the following derivation will be divided 
into three sections, according to converter configuration type. 

( 158 ) 
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(A) Single-Winding Voltage Step-Up Converter 


From Eq. (G-l), AW m - - 


Vx dt 


'Off 


During t 0 ^ # v^ = -(Vq + Vp - Vj), where Vq is the total output voltage. 
Since the ripple voltage is small compared to the average output voltage 

Vq, AW m — ( v o + ^ Re f erri * n 9 t0 2.1, 


'off 


v* = 


’D dt * 


off 


'off 


1 D dt = 


(f c +1 0 ) dt = 


i 0 d t = 


P 0 T 


where the second equality is true because ip = 0 during t , and the 
fourth equality is true because the integration of capacitor current over 
a complete switching cycle is zero. 


Thus, AW m = 


tp 0 ( v o +v d- v i> 

" VZ 


(S-3) 


From Chapter II 9 T can be expressed in terms of controller time parameters 
as follow. 

Constant-frequency controller with T specified, 

Mode 1 and Mode 2: T = specified value T’ 


Constant on-time controller with t specified, 


Mode 


: <V Vty* 

IS 1 - — n — T v — ^"-nr 


. on 
T o”^' v i 


[from (8.VU)] 


(G-4) 


(V, - V n ) 2 v n it 2 

Mode 2: T = - [from (32.VU)] 

2(V q + V D - Vj)P 0 pN 2 A 


Constant off -time controller with t Q ^ specified. 
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(V. + V n - V n )t „ 
Mode 1 : T = — ° - -3- 

Vj - Vg 


[from (9,VU)] 


(G-5) 


Mode 2 : T - T^, where is the larger root of quadratic 


T R “ 2 ^off + 


pAN 2 P 0 ( v o + V D - Vj) 


2 ^ t R + t off = 0 


*V v i - v Q y 

[from (36, VU)] 

Substituting the appropriate time relationships given above into (G-3), the 
corresponding expressions for AW m can be obtained. 


(B) Single-Winding Current Step-Up Converter 
From (G-l), 


AW - 
m 


» 

Vx dt = ( 

[ V v rVV dt ^ (v rVV 

t on 

‘on t 


1 X dt 


on 


( 6 - 6 ) 


aW = - 
m 


x v x dt = WV a ( W 


"off u off 

From (G-6) , (G-7), and (G-l), 


h dt 

b off 


(G-7) 


and 


( WV , 

i x dt = 

<VV 

J v* 

: 

c on 


l off 

V* + I i x dt = f 

i x dt = 

* 

(i c + 1 0 )dt - 

t on l off ' 

J 

T 


P 0 T 

’o dt = 


(G-9) 


Treating J i x dt and f i x dt as unknowns, and solving for the first integral 


on L off 

using (G-8) and (G-9), 
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<VV p o T 

TO 


TP o< v rW (v o +v d> 

From (G-6) and (G-10), 


(G-10) 


(G-11) 


As in the case of voltage step-up converter in (A) 9 the expressions for 
AW m for various cases can be obtained by substituting appropriate time re- 
lationships for T in (G-l ) * These time relationships, which are different 
from those given in (A), can be obtained from Chapter II, and thus, are not 
repeated here. 


(C) Single- and Two-Winding Voltage Step-Up/Current Step-Up Converters 

The procedures for deriving AW m for these two configurations are 
similar to those for the voltage step-up converter given in (A), and are 
omitted. The time relationships between controller time parameters can be 
obtained from Chapter II for single-winding configurations, and from Chapter 
III for two^winding configuration. 


APPENDIX H 


JUSTIFICATION FOR USING THE MODE 2 ENERGY RELATION- 
SHIPS FOR CALCULATING AW m max IN EQUATION (5,19) 

FOR CONFIGURATIONS TNVU, TNUD AND TN2UD 


Examination of the relationships given in Table 4.1 for (aAl^/aPQ) 
and (3 AW /3'Vj ) in Mode 1 and in Mode 2 for the three controller converter com- 
binations TNVU,, TNUD and TN2UD shows that, independent of mode, aV^ either 
increases with an increase of Pq or it is independent of Pq; and, similarly, 
AW m either increases with or is independent of Vj. It follows that, whether 
the converter is operating in Mode 1 or in Mode 2, the maximum numerical 
value for aW^ is obtained by using the extreme operating- range condition of 
Pq = Pq max and Vj = Vj max . It will be shown that, for these three ex- 
ceptional controller-converter combinations. Mode 2 equations yield the 
larger value for AW m at this extreme operating point. Consequently, Mode 2 
equations evaluated at the point (Pq max , Vj max ) are used for Al^ max when 
evaluating the parameter 6 which is the right side of inequality (5,19) and 
the parameter used in searching the special table of core parameters. The 
TNVU configuration will be taken as an example to prove this assertion. The 
proofs for the other two cases of TNUD and TN2UD are similar and will not be 
given. 

The first step in showing that for the TNVU converter the larger 

value of AVI „„„ at (P n V T _,) is obtained with the Mode 2 expression 
m ,max ' 0 ,max l ,max r 

062) 
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is to examine the Mode 1 expression for B^, the minimum value of core flux 
density over a cycle, given by (15 ,VU ) of Chapter II which is repeated here 
for convenience 


b a= b 


. » Np o<VVV wvv 
r lyvpy mu 


[H-l] 


where the total cross-sectional area for a stack of J cores is JA. If the 
converter is operating in Mode 2 at (P n mav/ , V, mav ) then the Mode 1 value of 

U)ImoX 1 |li1aX 

B a” B r SP’ ven by [H-l] evaluated at (Pq max , Vj max ) will be less than zero, or 


W V I. m ax-V * NP 0.max<WV 

^ J ^o( V l',max- V q) 


[H-2] 


Multiplying both sides by [ jit Qn (V j max “Vq)/yN] and recognizing that 

2 * 

L = uN JA/a, gives the result 


O’Wty 2 SnWWV 
K ^ 


[H-3] 


From (3 ,TNVU ) Table 4.1, the left side is seen to be the Mode 2 expression 
for Al-i at (P n m . V T _ 1, and from (1,TNVU) of the same table the riqht 
side is seen to be the Mode 1 expression for at (Pq max , Vj max )* Thus, 
it is proved that the Mode 2 expression will lead to a larger value for Al*^. 

Continuing with the TNVU configuration to illustrate the derivations, 
the equation for s given by (3,VU) is derived. Substitution of the left 
side of [H-3], which is the same as the expression for aH_ given by 
(16, VU) in Table 5.3 into inequality (19) gives 


- > 6 = 


t 2 (V T -V n ) 2 
on I, max Q' 


J < B m ax- B R ) 2L 


[H-4] 




irwlr' ‘ • - 




where L is defined as above. Using the expression for N given by (7,VU) and 
the fact that 1/ = aA, [H-4] can be written as 


(/ 


[ 


2t on P 0.max ^ V 0 + V V Q^ V I,max' V Q ) 


-2 


2 

j2 0 


[H-5] 


Multiplying both sides of [H-5] by ( i//m )[ 1 + a / l-c/(l/Ai)] 2 and taking 
the square root of the resultant inequality leads to the inequality 



2t on P 0.max^0 + V V QnVi, ma x- V Q^ 

JV 0( B m ax-V J ( V I, m in- V Q) 


[H-6] 


Letting h = (Vj max “ v q)/( v i min“ V Q^ for t ^ 11s case and usin ° the ex P res sion 
for c in (3,VU), [H-6] can be rewritten as 


<r )C1+ ^- 

Solving for (l^/y ) from this inequality, 


h 2 _ 


-V, 


^ > ? where h = 

v “ 2FPT v T, m i n - V Q 
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GLOSSARY OF SYMBOLS 




GLOSSARY OF SYMBOLS 


= cross-sectional area of magnetic core, m‘ 

.2 


= area of magnetic core window, m 


^wn 

r 

A.._ = cross-sectional area of wire, including insulation, m‘ 


wr 


A 


wr,P 


= cross-sectional area of wire for primary winding, including 
2 


insulation, m 


wr,S 


= cross-section area of wire for secondary winding, including 
2 




B 


A,min 


B 


B,max 


B. 


max 

Bn 


B, 


insulation, m 

= minimum value of flux density durinq a particular cycle, T 

- maximum value of flux density during a particular cycle, T 

= minimum value of B^ within operating range, T 

= maximum value of Bg within operating range, T 

= maximum allowable core flux density, T 
= residual core flux density, T 
= saturation core flux density, T 


A B , T 
= max 


w 


w,max 

h 


A 


= filter capacitor for negligible ripple voltage, F 
= winding factor, numeric 
= maximum allowable winding factor, numeric 
* coefficient used in calculating £, numeric 
- minimum value of energy-storage inductor current during a 
particular cycle, A 

( 169 ) 


«e> 




i 


= maximum value of energy-storage inductor current during a 


particular cycle, A 


= total instantaneous capacitor current, A 


= total instantaneous primary current, A 


= total instantaneous secondary current, A 


= mtmimum value of the primary current during the transistor 


on time, A 


= maximum value of the primary current, A 


= minimum value of the secondary current during the transistor 


off time, A 


= maximum value of the secondary current, A 


= primary winding rms current, A 


= maximum 


value of I pe within operating range, A 


= secondary winding rms current, A 


'Se max = maximum value of I Se within operating range, A 


= total instantaneous inductor current, A 


■ average value of an inductor current, A 


= rms inductor current, A 


L Xe,max 


= maximum value of I^ e within the operating range, A 
= number of cores in stack, numeric 


= mean magnetic path length, m 


= inductance of inductor, H 


« inductance of primary winding, H 


= inductance of secondary winding, H 


= converter average output power, w 


} q m | n = minimum value of average output power, w 


0,max 


= maximum value of average output power, W 
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p i A 

I *” 


^0,min* w 


P 0 A 

/ 1=3 


r l = 


s = 


'off 


t off 


^0,max* w 

equivalent resistance load, & 
core size number, numeric 
transistor cut-off interval, s 
diode conduction interval, s 


t" 

*off 


interval when B = B^ or T - t - t^, s 


on 
T = 




transistor conduction interval, s 
period of one conversion cycle, s 

option constraint quantity, y = A, B, C, D, E, H, orJ; 
units depend on option 


V * a,A = volume of magnetic core, m' 


1/ 


total 


V D = 


V 


I ,max 


V 


I, min 


JV = total volume of core stack, nf 
diode forward voltage drop, V 
converter DC input voltage, V 
maximum converter input voltage, V 
minimum converter input voltage, V 


V 1 = V I,min* V 


V 2 A 


v T , v 

I, max* 


10 


v 


V 


v x = 


*Hn = 




max 


V T or V T M . V 
I, mm l ,max 

converter output voltage, V 

transistor saturation voltage drop, V 

total instantaneous voltage across inductor, V 

amount of energy transferred by the energy-storage reactor 

over a switching cycle, J 

maximum amount of energy transferred by core over a 
switching cycle, J 
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= maximum transistor duty cycle, numeric 
“min = minimum transistor duty cycle, numeric 
Y = N s /Np = turns ratio, numeric 

y = turns ratio N<j/N p for option y wher y = A,B,C,D,E,H, or J, 

Jr 

numeri c 

4 

<$ = computed quantity for use in core table search, m /H 

4 

% = computed quantity used in calculating 6, N and N p , m /H 
x] - computed quantity used in identification of windable cores, 1/H 
vi = ii r PQ = permeability of magnetic material, H/m 
u q = permeability of free space, H/m 
vt f = relative permeability, numeric 

{•> = identifier of numerical value for core parameter obtained 
from Table 5.4. 
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